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ABSTRACT 
Changes in adrenal wet and dry weight, plasma corticosterone and — 
ACTH were measured in rats at various times after unilateral 


adrenalectomy or sham unilateral adrenalectomy. A relative. 


hypocorticoid signal and hypersecretion of ACTH were observed only 


| within the initial 2 hours after unilateral adrenalectomy. The weight 


of the remaining adrenal was significantly increased by 12 hours and 


increased. further ‘at 72 hours and 10 days. As well as in intact rats, 


"compensatory adrenal gravth in hypophysectomized animals 


and in rats cveebed with dexamethasone suggesting that ACTH and other 


pituitary hormones w were not required for the compensatory growth © 


response. The inéreased adrenal weight after unilateral adrenalectomy 


consisted of increases in DNA content. followed by increases in RNA 


and protein content; the growth response was characterized as . 


| compensatory adrenal hyperplasia, not compensatory adrenal hypertrophy. 


Treatment with ACTH decreased the increases in DNA content. after 
unilateral adrenalectomy; and removal of circulating ACTH by 


_ dexamethasone treatment accelerated the development of compensatory 


adrenal growth. Unilateral hypothalamic lesions in the dorsolateral 


ventromedial nucleus or in the ventral premanmillary and lateral 


‘i nuclei blocked compensatory adrenal growth when Placed. | 


ipsilateral to the side of subsequent adrenalectomy; lesions placed 


in similar sites contralateral to the side of adrenalectomy had no 


tory effects. cord hemi-sections at thoracic level -2 


inhibited the ‘growth response when» placed contralateral to the side 


of subsequent adrenalectomy; ipsilateral hemi-sections at the, same 


spinal. cord om. had no > Anhtbitory effects. Finally, treatment of 
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the adrenal gland and pedicle with a local anesthetic prior to 


removal of the treated adrenal blocked compensatory growth of the 


remaining adrenal. Together, these that afferent 


and efferent neural components mediate the response ‘to unilateral 


sdrenalectony. Additional experiments showed that manipulation of 


hours. _ The weight increases, of DNA, RNA and 


content increases, were similar to changes observed after unilateral | 
adrenalectomy. Adrenal dry weight was also elevated after unilateral . 


adrenalectomy or - manipulation, ns there was no difference in. 


"residual blood per gland as “Measured by che tagged cell 


content. The observation that adrenal growth could be stimulated 
unilaterally in the presence of both adrenals supported the 

he: that nerves were ‘involved in the. compensatory growth 
‘response. summary, studies demonstrate that 


: adrenal growth is mediated by a reflex composed of afferent and 


*e efferent neural components and is probably integrated within the 


hypothalamus. 


. one adrenal stimulated weight increases in the ‘other adrenal at 12 
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“CHAPTER T 
INTRODUCTION 


Overview of hypothal amo-pi tui tary-adrenal axis 


The functional characteristics of the hypothalano-pituitary- 


adrenal axis have been ‘outlined by. the work of many investigators over 


‘the past fifty years. An overview of this work will attempt to 


summarize our current knowledge of ‘the adrenocortical system. ‘The 


initial work of Smith (1930) which showed that the rat sitcom’ stand 
"atrophied following of the pituitary glatid and that the atrophy 
: could be Pearetes by replacement with anterior pituitary extract | 
| suggested that a factor or factors released from the anterior pituitary 
maintained the morphological sitegrity the. adrenal gland. 
"These experiments also showed that the adrenal nedulla was not greatly | 
3 affected by hypophysectomy and therefore, that the pituitary. factor 


influenced primarily the adrenal cortex. Work reporting che’ isolation 


of an acetone-soluble pituitary fraction which in small amounts 


caused 50-200% increases in: adrenal weight without influencing other 


endocrine tissues (Collip, Anderson and Thomson , 1933), was 


by the identification and ‘standardization of chine adrenocorticotrophic 


hormone (ACTH) through bioassay in hypophysectomized rats s (Simpson, 


Evans, andl Li, 1943); the chemical structure. of ACTH asa polypeptide 


of amino acids was 11 years. (Bell, 1954). 


* With the availability of synthetic ACTH and the purification of 


the native molecule, characterization of the effects of ACTH on the 


» 


. adrenal cortex vas made possible. While all three zones of the 


adrenal cortex are stimulated by ACTH , ‘the predominant effects. are on 
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‘the zona fasciculata ‘and zona reticularis.’ The zona glomerulosa, 
ike te zona fasciculata and reticularis, is also stimulated by | 
non-pituitary factors (e.g. angiotensin II) (Davis, 1975). The ACTH 
molecule stimulates both secretion from, and growth of the adrenal — 
cortex. Increases in adrenal venous output of glucocorticoids are 

"observed following the administration of ACTH (Nelson, and Hune, 1955; 
Urquhart and Li, 1968). A number of steps. ‘in the gtaretécgente pathway ls 

are stimulated > ACTH (Gil and Garren, 1973), ‘and removal of the 

hormone through hypophysectony leads toa nearly complete disruption 


| of the steroid-secreting capabilities of the gland (Liddle, Island and 
Meador, 1962). As a growth-promoter, ACTH initially causes cell 
hyeerteerhy by increasing RNA and: protein: content and following a 
longer Latency, it induces by increasing DNA 
synthesis leading to cell proliferation: (Fiala, Sproul | and Fiala, 1956; 
lente, et al.., 1971), in ‘summary, ACTH released ftom the pituitary 
and promotes the function and growth of the adrenal 
While the effects of pituitary hormone on peripheral 
were being elucidated, (1948) was considering the influence 
| the brain on the function of the pituitary. His. investigations showed | = 
‘that transplantation -of the pituitary to the temporal lobe of the 
cerebral cortex or ‘to. the anterior chadins of the eye eekaaa in 
atrophy; however, if the pituitary was transplanted 


under the median eminence of the hypothalamus and the hypophyseal 


portal system the adrenal cortex would not atrophy (Harris and. 


¢ 3 | Jacobsohn, 1952). These experiments showed that the integrity of the — 
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portal vessels. was essential for the maintenance of adrenocortical 


‘function and suggested that a humoral substance released from the 


hypothalamus could stimulate the pituitary synthesis and secretion of 


ACTH. This hypothesis 1 was later supported by the preparation of 
‘hypothalamic extracts — stimulated ACTH release (Leeman, Glenister : 
and Yates, 1962). Thus, secretion from the hypothalamus of a 


: ‘corticotropic-releasing factor (CRF), believed to be synthesized and 


released from neurons (Edvardson and Bennett, 1974), stimulates ie 
synthesis: sind secretion of ACTH which is transported in plasma to the 


adrenal cortex to stimulate steroidogenesis and maintain glandular 


viability. 


Earlier studies had shoe that increases in plasma levels of 
adrenal corticoids inhibited production of ACTH (ingle, Higgins and 


Kendall, 1938) and that decreases in adrenal corticoids resulted -. 


stimulation of ACTH synthesis (Sayers aad Sayers, 19473 ‘Taylor, Albert 
and Sprague, 1949). In more recent nek. the concept of. “negative 

_ feedback" of adrenal corticoida has been confirmed and found to occur — 
at the pituitary (Russell, et a. 1969; Sayers and Portonova, 1974) 


- ‘and at the hypothalamus (Endroczi, Lissak and Tekeres, 19613; Sato, 


et al., 1975). Increased secretion of CRF leading to higher plasma, 


"concentrations of ACTH causes ‘an increase ‘in plasma corticoids; the 


of corticoids feedback at the ‘hypothalamus to 


inhibit CRF and at the pituitary to decrease ACTH secretion directly. One 
| “The adrenocortical eysten is actiwated by input to the CRF neuron 
from at least two sources. First, trauma produced by various stimuli 


can cause increased NORE and release of CRF (Hiroshige, Abe ish 
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Sato, 1971; Sato et al., 1975). Second, the adrenocortical system is 


characterized’ by a prominent diurnal or circadian rhythm in the \ 


secretion of ACTH and glucocorticoids (Nichols: and Tyler, 1967; Orth | 


and Island, 1969). While the origin of the stimulus to this thythm 3 is 


sean the finding that CRF levels in the hypothalamus also 


a circadian rhythm (Hiroshige and Sakakura, 1971) suggests 


that the qintraliing mechanism acts through » the CRF neuron. 


Evidence for “dnvolvement of the autonomic nervous system an 


adrenocortical 
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‘Study of the role of tiie’ nervous system in regulating the 
adrenocortical system has been restricted primarily to ident fying the 


central’ neural structures. Auvetves in. stress-induced activation of CRF 


(Porter, (19535 Seggie, Uhlir pay Brown, 1974), feedback control of CRE 


(Feldman and Bafay,. 1970; ‘Allen and Allen, 1975), or initiation’ of the 


diurnal rhythm (Moberg, et. al., 1971; Campbell and Ramaley, 


1974). While ‘At: is well established that the ‘sympathetic | 


nervous system controls the secretion of ddrenal medullary 
catecholamines through direct cholinergic innervation of 


cells, little is bien about the role of. the ‘autonomic nervous | system | 


in adrenocortical function. Early histological examination of the. 


adrenal gland at the ‘Light: microscopic level indicated that the cortex 
and capsular elements received no direct innervation; all fibers in 3 


the cortex were observed to end on blood vessels or ‘to transverse the 


cortex to - terminate on medullary | cells (Hollinshead, (1936; Swinyard, 


1937; MacFarland and, Davenport , 1941), ‘These reports, however, vere 


contradicted by additional Light microscopic studies which showed dense 


innervation of all three cortical zones in addition to nerve fibers’ 
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‘catecholamines’ or acetylcholine resulted in cessation or depression of 


passing to the medulla (Albert, 1931; Mikhail, 1961; Mikhail and Amin, 


1969). The differing conclusions of these authors concerning cortical 


innervation may have been due to the non-specificity of the 


| staining techniques used; at the light microscopic leyel_ using thes¢ 


stains, connective tissue strands and nerve fibers can sometimes be 


confused. Working at the ultrastructural level, this problem can be 
‘circumvented. Recently, Unsicker. (1969, 1971) and Alvarez (1970) 


_ working at the electron microscopic level showed ina number of species, 


including man, that nerve acne come in close. contact with endocrine 


cells of all three cortical zones... “These ' 'contacts" were identified 


histologically a as synapses since presynaptic vesicles and 200A synaptic: 


clefts were present; however , no postsynaptic were 


‘observed. ‘Endings without vesicles adjacent to endocrine cells were — 


; also noted ‘by one of these authors (Unsicker, 1971) who suggested that 


these might represent morphological analogs of sensory i” 


There is some evidence for the presence of sensory. nerve fibers 


in the adrenal cortex. Kiss (1951) using an axonal degeneration 


technique found the adrenal cortex of. dogs to be. supplied te afferents 


from spinal ganglia at thoracic level 9-11. _Neurophystological 


evidence for adrenal afferents has also been reported; Niijima and 


Winter (1968a, hs sien afferent discharges in dissected filaments 


of nerves from the adrenal gland in the rabbit and cat. In some fibers 


spontaneous firing could be increased by increasing systemic blood 


pressure; in other, . ‘spontaneously whereas changes in 


blood pressure did not alter firing rate, ‘ie cues: injections of | 


the firing rate. Finally, in normally silent fibers, mechanical Ss 
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distention of the adrenal capsule evoked phasic, rapidly adapting 


trains of impulses. These findings led to the hypothesis that the 


adrenal gland is supplied by baroreceptors, chemoreceptors and 


mechanical stretch receptors. 


Capsular stretch receptors were the subject of an early paper by. 


q Halasz and Szentagothai (1959) who found that unilateral adrenalectomy 


in the rat resulted in unilateral morphological changes in the cell 


bodies of the hypothal ventromedial nucleus (VMN). . Following the 


removal of one adrenal, nuclei. of oei4 bodies in the vy contralateral © 


“to the side of adrenalectomy hypertrophied while nuclei of cell bodies . 
in the VMN ipsilateral to ‘the side ‘of gland removal 


Bilateral celiac ganglionectony in hypertrophied nuclei ot” 


cells in both VMN. In addition, treatments ; which increased the sige 


of both edrénal. glands such as ACTH administration or chronic stress i 
caused bilateral of cell nuclei in the VMN; decreasing the 
size of the gland through ‘corticoid treatment resulted in bilateral 


_. hypertrophy of nuclei in the VMN... From these experiments the authors 


hypothesized that a | crossed neural ‘pathway existed from the adrenal ‘ 


gland to the hypothalamus and that adrenal capsular stretch receptors 


‘were monitoring gland size; presumably, the hypothalamic changes 


reflected alterations in afferent neural activity. It was further’. 


suggested that: the adrenal cortex, and ait’ the ‘adrenal medulla , was 
ee monitored since ACTH and cortisol | treatments were kncwn not to 
have major effects on ‘the adrenal medulla. "Similar karyomet ric 
anelyses were performed in the’ guinea pig. (Sajonski, $mollich and 


Trolldenier, 1965) and the same unilateral norphological changes were — 


observed | im the MN. Recently, Gerendat, et al., (1974) 
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have confirmed the hypothalamic changes. that occur following . 
unilateral adrenalectomy using autoradiographic techniques at the - 
light and electron microscopic level. Following removal of one 


adrenal and the injection of labelled amino acid, animals were found 


to have an increased number of autoradiographic silver grains in the 3 
VMN contralateral to the side of adrenalectomy. The unilateral 
| in protein-synthesizing activity in the VMN 
“additional support for the Halasz ‘and Szentagothai (1959), hypothesis 
concerning adrenal afferent nerves; however, the functional significance 


of these neural ieee ‘remains obscure. 
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‘Two lines of venneten have been used to investigate the possible 


involvement of efferent aeiek elements in adrenocortical function. 


a 


A number of workers ive studied the effects: of adrenal denervation 


on the adrenal response to different stresses. For ‘example, Yost 


(1947) nade histological comparisons between denervated and reese 
‘irene in cats ail rats following various stresses. While no 


difference in lipid content was: found between d denervated 


adrenals in response to cold or heat stress or hemorrhage, the normal 


Lipid depletion following hypoglycenia was prevented 
by denervation. These studies were followed by a series of experiments 

i’ whith histological changes in adrenals were observed 17-20 ‘days: 
following denervation (Hata, 1959; Aburaya and Rate, 1961). ‘These | 


"experiments showed. that the denervated adrenal was atrophied and 


hypofunctioning compared to ‘the innervated adrenal. In two. additional 


reports comparing the and innervated siitenal dogs (Yudaev 


and Pankov, 1961) and in rats (Schapiro, 1963), no ‘difference was found 


in the. secretion of 17-hydroxycorticoids, to various stresses. Each 
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_ of the denervation studies can be criticized on the grounds that changes 


impairment of the. blood supply and chat in function 


dogs and cats resulted in increases in adrenal corticoid output. 


to corticosterone secretion ratio in-dogs ae following 


‘splanchnic stimulation. In dogs the output of cortisol is. 


exogenous ACTH administration, both etéroids equally 


and the ratio remains constant. However, in’ response to splanchnic 
corticosterone decreased. ‘Support for these findings is provided 
These papers reported that wlectrical stimulation of the posterior 
“hypothalamus in hypophysectontzc3 rats increased the release of. 
, and cortex had no “atimulatory effect. Unfortunately, the” 
the reports. "Other work implicating hypothalamic efferents 


ventromedial nucleus of the hypothalamus resulted in uiflateral 


produced by cutting adrenal nerves may have been due to the physical 
have been the result vascular enbarrassment. 

| To avoid. this ptoblem, workers have Sewanee a different ‘approach 
to. study the effects of. efferent nerves on the. adrenal cortex, ‘Vogt 


(1944) showed that electrical stimulation of ‘the splanchnic nerve in 


Later work by Okinaka, et al., (1960) cepereéa. that the cortisol ig 


normally equal to the output corticosterone; following 


stimulation, the secretion rate increased while that of. 
Hata (1959) and Kitagawa (1959a, »b) who suggested that nerves from oe 
hypothalamus may be involved’ in controlling adrenocortical secretion. 
glucocorticoids from tie adrenal, cortex while siteulation of 
exact location of the stimulation sites could not be obtained from = 
to the adrenal cortex eet: that unilateral lesions placed in the. 


histological changes in the edcenal zona Sesctcutata: the nuclear 
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‘compensatory .adrenal growth after unilateral adrenalectomy. 


‘welts of zona fasciculata cells decreased in the adrenal contralateral 


~ 


to the side of hypothalamic lesion (Smollich and Docke, 1969). 


ee a descending pathway was ‘postulated but’ no function could be 
ascribed to it, Finally, some in vitro evidence to support a role for 


efferent adrenal nerves has been reported by Rosenfeld (1955) using 


isolated perfused calf adrenals. Stimulation of the adrenal with 


acetylcholine increased production by 20-50%; this cholinergic 


dnfluence was by atropine but not ‘affected administration of 


catecholamines. 


Evidence to support the contention that the autonomic nervous © 


4 


system adrenocortical function is scattered throughout the 


literature. “However, no attempt has been made to thoroughly and 


systematically investigate the physiological significance of adreno- ss 


cortical nerves. The work presented in subsequent chapters of this 


dissertation was done to examine ‘the influence of adrenal neural 
elements on the adrenocortical system. Specifically, this report 


consists of a re-examination of the mechanisms responsible for 
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CHAPTER 
COMPENSATORY ADRENAL GROWTH IN THE ABSENCE OF CORTICOSTEROIDS AND ACTH 
INTRODUCTION 


Growth of the adrenal cortex can ‘be affected by a variety of 


S. For example, the administration estrogens or thyroid | 
hormone’ results in increases in, the size of adrenocorticoid the 
| "hypertrophic" action of these factore is probably indirect since removal: 7 
of the pituitary diminishes their effectiveness (Ingle, 1951). In = 
contrast, androgens and progesterone can cause adrenal atrophy; again, 
this effet is probably mediated through some pituitary fecesd: (e. Su 
ACTH). a and growth hormone have been shown to increase adrenal 
weight by increasing the number of adrenocortical cells. This 
| "ayperplastic" effect appears to result from direct adrenal stimulation | 
by these agents 19515 Branson’ and Reddy, 1961). While the 
physiological of these hormones in controlling adreno- 
‘cortical growth has, not beén well delineated, it is important to note 
‘that factors other éhan ACTH, ‘directly or indirectly, could influence 
normal adrenocortical growth, | 
flopetheless, ACTH stimulation remains the primary determinant of | 
the cortex. Early work studying stress-induced 
activation of ‘the ‘adrenal system used changes in adrena). weight as:an 
: index of ACTH stimulation (Fortier, 1959; Dear and Guillemin, 1960), 5 
| Other changes in the adrenal following ACTH administration have been : 
“utilized. as a bioassay for ACTH; chess include a fall ‘in cholesterol 


(the precursor molecule adrenal steroids) (Laqueur, et 


1955), and a depletion of ascorbic acid (McCann, 1953; 


1961). “The erowth-stimlating effects of ACTH 
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have been examined in detail by numerous investigators (e.g., Fiala : 


et al., 1956; Bransome and Reddy, 1961; Imrie 1965). The 
. consensus éf these reports is. that initially ACTH produces rapid 


ne increases in cytoplasmic RNA. content, ‘followed by increased cytoplasmic 


and mitochondrial protein — this early phase which begins . 


within 2 to 3. hours of stimulation fias been characterized as a period 
of cell hypertrophy. ‘The second phase, which begins no earlier than 


72 hours, is characterized by increases in DNA synthesis and cell 


Pepltestein. The hyperplastic response occurs following stimulation by 


large amounts | of ACTH “normally, the increased adrenal | 
by. endogenous ACTH stimulation is due to cell hypertrophy, not cell 


hyperplasia (Bransome and Reddy, 1961). 


‘Early work studying adrenocortical growth in rats found that 


ciiaias of one adrenal led to dramatic increases in the weight of the : 
., Temaining adrenal (MacKay and 1926). Forty days 
"unilateral adrenalectomy, the remaining adrerial increased in weight 
gs: this increase which was restricted to the cortex was called’ 
"compensatory adrenal hypertrophy". Recent approaches to the study of 
‘a phenomenon have besn’ to determine the morphological ins biochemical 
__ changes that occur in the remaining adrenal following. unilatetal 


) adrenalectomy. — In dogs, Bransome and Reddy (1961) have shown that 


adrenal DNA concentration doubles by 7 days following unilateral 


| adrenalectomy. The finding of increased DNA concentration in dome 


supported by work in rats Showing a 15% increase in cell number by 3 


following unilateral adrenalectomy. (Pelligrino, Ricci Tongiani, 


1963). The hyperplastic growth continues until 15 days when the number 


of cells kes increased to 130% of control adrenals; by. the’ 2nd week of 
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growth, cell hypertrophy is also noted. The itis concluded that 
the response to unilateral ——— has 3 stages: first, the rate | 
of cell replication while cell decreases; second, 
cell volume increases while cell replication rate decreases; and third, 
cell volqne and ‘replication rates return to normal levels. Study of 
the early phases of adrenal hyperplasia has. led ‘to: a determination of 
the adrenal zones where hyperplasia occurs. “Using tritiated-thymidine 
. uptake as a measure of DNA synthesis, Reiter and Pizzarello (1966) 
found ‘that at 2 days following ts young rats, 
‘the highest activity occurred in the outer zona fasciculata. This was 
gubsequentily confirmed by Omoto (1969) who ths 
* iniatute cells at outer regions of the zons fasciculata in rat adrenals 


) 


days after unilateral adrenalectony. 
Because of the profound effects of ACTH on : arene’. growth and the es 
feedback relationship exists adrenal steroids and ACTH 
secretion, a hypothesis to explain adrenal 
hypertrophy was that eanoval of one adrenal would produce a hypo- 
corticoid signal which in turn - would decrease the feedback brake on 
ACTH secretion; grovth of the remaining adrenal would result from 
"hypersecretion of ACTH. This explanation for adrenal 
growth was given fattially in the thirties (Collip et al., 19335 
and Firor, (1934) and was tested using hypophysectomized 
| rats. Removal of one adrenal ‘ hypophysectomized rats did not lead 
ae increases in the weight of the remaining adrenal when compared to 
‘adrenals from control aninals. This Finding supported the contention 


‘that increases in ACTH were responsible for compensatory growth. 


However, closer examination of these experiments pres that the control 
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animals. used were unilaterally adrenalectomized animals with intact. 


pituitaries; thus, the decreased adrenal weight in the hypophysectonized 


animal might not be due to removal of the factor —_—- for 


any , pituitary factér which effects adrenocortical growth. Although 


this criticism does ‘not ads out ACTH as ‘the causal eT in 


"compensatory hypertrophy, it indicates that the 
‘compensatory hypertrophy work did not adequately dLineate the 


| mechanisms responsible for the “roweh phenomenon. 


. Several lines of evidence do not support the hypothesis | that 


increased secretion of ACTH te solely responsible for compensatory 

growth. Unilateral ‘adrenalectomy, results in an increase of the 

mitotic index » the the remaining gland (Carr; 1959). 
Growth treatment of hypophysectomized rats increases the 
“mitotic index of the adrenal cortices, whereas ACTH treatment of | 

‘@inélar animalé does not result in an increased mitotic index within 


the time period studied (Cater and Stack-Dunne, 1955). Compensatory 


adrenal enlargement was found in hypophysectomized rats that were 


unilaterally adrenalectomized 11 days previously when the weight of the , 


remaining right adrenal was “compared to the ‘right adrenal in 


hypophysectomized rats that were sham adrenalectomized (Lipscomb and. 


The hypothesis that tow corticoids and secondary increases in 2 


ACTH secretion mediate compensatory adrenal growth after unilateral 


adrenalectony iia never been directly tested to our knowledge. We have 


tested the hypothesis by, measuring plasma ACTH and corticosterone 


levels and eright adrenal weight with time after left adrenalectomy 


| compensatory adrenal hypertrophy but might only reflect the loss of 


adrenal iiss’ ak Hypophysectomized rats were given 5% dextrose in ee 


“water: to drink. 


their home cages until killed. 


tubes chilled on ice.. The blood was centrifuged at 4°C, and plasma 


or sham operation in the rat. | 


B. MATERIALS AND METHODS ok 


Male Sprague-Dawley rats (Simonsen, Gilroy, Ca.) weighing 


~ 100-150 g were used. The rats were received 1 to 7 d before 
3 experiments and were housed 2 or 3 = cage under controlled lighting 


(lights ¢ on from 0600 h until vanced h). Rat chow and water were 


available a lib. Operations were conducted between 0800 -and 1100 h. 


phosphate Sharp ani Dohme) 


25 ug/100 g BW was injected subcutaneously either once or several 


- times‘ as noted in Results. Hypophysectomy was performed by the » 


parapharyngeal approach under ether anesthesia 2-4 hours prior to 


— 


‘Rats. were anesthetized with ether: or. sodiua pentobarbital 


(Nembutal, Abbott) 5 mg/100 g BW, or ‘sodium methohexital (Brevital, 


Lilly) 5 ng/100 BW, as indicated in the Left adrenalectotiy 


was | performed through a dorsal midline skin incision and a lateral 


retroperitoneal incision. Left. surgical shanf was 
performed through and the gland was observed but not 


“touched. Skin inéisions were clipped, and the rats were returned to 


All rats were killed by decapitation at. various times post- 


’ opératively’ and trunk blood was collected into heparinized Plastic ; 


was frozen for ‘subsequent ACTH and corticosterone. assays. 
were collected on filter paper saturated with 0. 9% NaCl in closed 


dishes, and were ‘subsequently cleaned of fat and connective tissue 


| 
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‘and weighed to the nearest 0.01 ng; In some experiments dry weight 
ae was determined by drying the glands in an oven to constant weight | 
“ACTH was by radioimmunoassay (Daman, DeManicor and 
Shinsako, 1974; Grizzle, et ‘Rees, et 1974) and 
corticosterone was determined by competitive protein binding assay . 
urphy, 1967) using human transcortin. 
| Statistically significance of the difference in means was calcu- 
lated using Student' unpaired t-test. 
RESULTS | 


Plasma ACTH and corticosterone levels, ant the. development of 


compensatory adrenal growth 


‘Figure: II-1 shows the results of this experinent. “The operations 
were performed on groups of 6 rats under sodium methohexital anesthesia 
‘on two consecutive mornings. "Groups rats were killed at the 

indicated times after operations. Plasma ACTH levels in the left 

rats are significantly above the sham- | 
operated controls only at. 2% (p < 0. 05) and not before or after this 

time. “Plasma corticosterone levels are in left 

adrenalectomized than in sham-operated rats and 1h post- 

“operatively (p < 0.01), at 8 bh 0.05). At 2, 4 and 12h 

and’ at ‘3. and 10 d, plasma corticosterone levels are similar in 
‘the two groups. Right advénal weight is significantly increased 12h 

after left. adrenalectomy (Pp < 0. 01). The weight is increased but : 


not significantly at. 1 and 2 d (p> 0.05) followed by a large increase 


2 at 3-and 10 d (p < 0.001) compared to right adrenals of sham operated 
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Fig. II-1. Circulating ACTH and corticosterone levels and right 
adrenal weight in male rats after left adrenalectomy or 
surgical sham operation under methohexital anesthesia. ‘ 
Each point represents the mean response of 6 rats. The 
vertical bars indicate + SEM. _ : 
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rats. 
To test whether the cratiatent relative hypocorticosd signal, which 


is apparent during the first h after unilateral adrenalectomy ander 


-nethohexital anesthesia, could be reduced or elininated, we examined 


| - plasma corticosterone responses during the first 4h after operations 


"performed under sodium pentobarbital anesthesia. Pentobarbital 


"anesthesia resulted in a considerable decrease in the magnitude and 


of the corticosterone response to sham adrenalectomy: or 
unilateres (Table II-1). However , there was still a 
relative hypocorticoid signal that persisted for 30° min in the 
adrenalectomy that the corticosterone ‘response ‘to ‘the = 
stress of surgery, while less than the ‘response of shan adrenalectomized 


animals for 30 min, was “elevated above ‘resting levels at all times. 


Inability of dexamethasone to prevent compensatory adrenal, srowth: 


To test whether ‘the transient “period of. relative hypocorticoid 


was’ a necessary stenad to “initiate compensatory adrenal growth, 


‘rats (6 group) were treated with dexamethasone 2h before vperations 


S 


were performed under ether anesthesia. Groups of Tats were killed at 


min, and 1, 2,3 and 10 d later. At no time are corticos- 


-_terone levels above ae normal resting range for male rats in the | 
‘morning (Figure 11-2), However, at a: 4, corticosterone levels in the . 
suretcai sham group are significantly higher than those in unilaterally 
adrenalectomized rats (p < 0.05). : Nevertheless, adrenal is 
significantly increased by d after unilateral adrenalectomy 


(p < 0. 01), and ee increase in wetght that occurs during. che 10 days 


_ of the study closely resembles ne normal increase shown in Fig. ti-1. 


These results not only showed that a relative hypocorticoid signal was 
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Table II- . Plasma corticosterone response to left adrenalectomy or 


| | | 
_ surgical sham adrenalectomy under pentobarbital anesthesia. 


Time (h). | Plasma corticosterone (ug/100 m1) 


P Adrenalectomy Surgical. Sham 


14.440.9 (6)  24.5+2.5 (6) 0.005 
18.8 + 0.5 (6) 41.1 (6); 0.002 
(6) 16.5418 (6) ns 
4 18,34 2.0 (5) 13.7+5.6 (4) ns 
*mean value + 1 SEM (number of rats) 
: 
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Fig. II-2. Circulating corticosterone levels and right adrenal 
weight after left adrenalectomy or. surgical sham 
operation under ether anesthesia performed 2 h after . 
rats were. treated with dexamethasone (25 ug/100 g BW). 
; Symbols and numbers of rats are as in Fig. II-l. 
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unnecessary. for compensatory adrenal growth: to ) occur, but also suggested | 


that increased ACTH secretion night not. be’ necessary for the response. 


Dexamethasone treatment clearly inhibited the initial ACTH response to 


the operations as indicated by nel ncaa corticosterone levels at 


15, min. The remained, however , that ACTH secretion was 


occurring at an elevated rate at some period between 15 min and 1 day 


post-operatively to produce the significant: ta weight 


observed at that time. 


laparotomy with intestinal ether anesthesia 10 min 


in right advend) weight in unilaterally 


LON of compensatory adrenal. grovth by abolition of ACTH 


secretion ith dexamethasone 


“To test ‘the possibility that ACTH secretion was ‘ot. required for 


compensatory ‘adrenal rats were pretreated with dexamethasone 


regimen, known to inhibit the ACTH response to stimuli 


arid, Gibbs; 1969). Groups of rats were treated with saline or 


dexamethasone 18 and 2 hours before a 22 hours after adrenalectomy af 
sham adrenalectomy. Orher groups were similarly treated but not 


subjected to adrenal ‘surgery. The latter groups were subjected to 


before killing to test the efficacy OF ee dexamethasone blockade of. 


ACTH secretion. _ Plasma ACTH and eerienaaniad levels in dexamethasone 


treated rats are significantly lower (p < 0.05) than those in saline 


treated rats 24 h after left adrenatectomy or sham-operation 


_ (Figure TI-3). In addition, by'6 h and at 24 h there is a highly 


adrenalectomized rata treated with dexamethasone (p < 0.01). The 
increase in right adrenal weight of the left adrenalectomized saline- 


treated group was not significant at 24 h-compared to the sham-operated | 
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Fig. II-3. Circulating ACTH and corticosterone levels and right 


adrenal weight 6’ and 24 h after unilateral adrenalectomy 
or sham operation in, rate treated with dexamethasone 
(25 wg /100 g BW) or saline (0.2 n1/100 g BW) at -18, 
and #22 h. represent ,the mean, | 


«lines above the bars indicate SEM, and the number of © 
‘rats in each group is indicated at the bottom of each 
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aaline-treated control group (s=0, 08), Significant 
adrenal growth by 6 h in dexamethasone treated rats was surprisingly 
3 rapid. Dry weights of right shvenais obtained 6h after unilateral 
adrenalectomy or shan-operation also were significantly. different 
@ < 0. 005) (2. 72 + 0.11 and 1, 98 + 0.16 mg, eee 
: The normal rise in ACTH and corticosterone 10 min after 
with intestinal traction is entirely inhibited in the 


dexamethasone poner rats (Table II-2). The dramatic adrenal atrophy 


dtebunel after. ‘42 h of dexamethasone treatment is apparent when the 
adrenal weights of saline and dexamethasone treated rats are compared 
(Figure II-3 and Table 
Compensatory adrenal growth occurs in the absence of both a 
tixlative hypocorticoid ‘signal and increased ACTH secretion: The results 
a shown in Figure II-3 suggest that the growth may occur faster in the i 
absence of ACTH secretion although by i hs the adrenals of dexametha- 


treated rats are smaller in weight. 


Compensatory sdtena? growth followin wing hypophysectomy 
"We next tested whether any hypophyseal secretions were required 
for compensatory adrenal by performing left or 
sham adrenalectomy 2-4 h after hypophysectomy. days Later. rate: 
(7 or bs per group) were Ieilled and the right glands were 
In both experiments ser adrenals of left adrenalectomized 
3 rats weré significantly heavier than right adrenals from sham | ape 


adrenalectomized animals (p : < 0. 01, Expt. 1: p < 0.02, Expt. ah 


(Figure TI-4). Dry of from adrenalectomized and sham 


adrenalectomized rats in experiment 1 were 2.72 + 0. 153 and 1. 892 + 


0. 163 mg respectively, and the difference was. 
< 0.005). 
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Fig. II-4. Compensatory adrenal growth 72 h after unilateral by 
adrenalectomy in hypophysectomized or intact rats. 
The symbols used are as in Fig. II-3.: 
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D, DISCUSSION 
the results presented above show that neither a relative hypo- 
corticoid sigiial nor ACTH lor is | 
essential for compensatory adrenal growth ts deca after unilateral 
"adrenalectomy. This was suggested by finding only slight 
differences in plasma ACTH and corticosterone responses to unilateral 
: adrenalectomy and sham adrenalectomy over the 10 d measurement period 
(Figure. 11-1). ‘Tt was further eupportes by the finding that compensatory 
adrenal growth occurs normal ly in the dexamethasone treated rat, - a 
which the (ACTH corticosterone response(s) to operations were 
inhibited (Figure II-2). 
Use of dexamethasone to inhibit entirely ACTH secretion. during 
ety 24 h period of observation resulted in atrophic adrenals at 24 h, 
es did hypophysectony.. Nonetheless, in both conditions compensatory | 
“adrenal growth (measured either by wet or dry: weight) occurred after | | 
unilateral adrenalectomy when compared to sinflerly rested 
ees controls. . If adrenal weight of unilaterally adrenalectomized 
rate is expressed one percentage of the adrenal weight of shan- 
operated controls, the qagres of conpromnynty growth in the. 


dexamethasone treated and hypophysectomized rats is. similar to, or 


greater than that observed in saline-treated or unoperated animals 
at similar times after operations. These results may be sakexpretet 
as: a decrease in the rate. of atrophy caused by unilateral adrenalectomy 


etter removal - ACTH. At 6 h, compensatory adrenal growth occurs 


| prior to the ‘onset of atrophy pccasioned by removal of ACTH. (shown by 


comparison of adrenal waignts between ‘dexamethasone-treated and saline- 


treated rats on “Table $3.3). We believe that the results of the 6 h 
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dexamethasone experiment clearly show that ACTH is not requiced-for 
coupenuatery. édvenal growth, and that it is likely that we are observing 
hon Between: compensatory growth and removal of 
“ACTH at later times. | 

have found that unilateral adrenalectomy after 
“hypophysect omy in the rat results in cotipensatory right adrenal | 
erie when compared to right adrenals from sham-operated rats 
Ganong, 1954; Lipscomb and Critchlow, 1966). However, inn comeaed 
to the increase in adrenal weight produced by treatment with large 
doses of ACTH, the weight differences observed after unilateral 


adrenalectomy are slight (Ganong, 1954). 
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CHAPTER III 
ACTH EFFECTS ON THE DEVELOPMENT OF COMPENSATORY ADRENAL GROWTH 
AL “INTRODUCTION 


. Investigation of compensatory idresial growth after unilateral 


adrenalectony has shown that neither a hypocorticoid signal nor the : 

"secretion of. any pituitary is for the compensatory 
response,’ In addition, results from dexamethasone suppression 
weiictiiaiis suggested that the abolition of ACTH secretion may as 


| accelerate the development of compensatory growth (Chapter II). It is - 


surprising that ACTH, which is required to maintain adrenocortical 


ae weight in the hypophysectomized animal (Smith, 1930), could have a 


growth-inhibiting effect on the adrenal gland. a of 


experiments was performed to assess the effect on ACTH of adreno- - 


cortical growth after unilateral adrenalectomy ; in addition to adrenal 
weight, these experiments determined the ¥influence ” ACTH on | adrenal | 
nucleic acid and protein content after uhi lateral adrenalectomy. 


‘MATERTALS AND METHODS 


Young ‘male Sprague-Dawley rats (Simonsen, Gilroy, Ca) 100-150 g b.w. 
were: ‘received 1-4 d before use. The - ‘rats were housed 2- 3/eage. and in 


a temperature and light controlled room (lights on 0600-1800 h) and 


were allowed rat chow and water ad libitum. | In. some "experiments rats 


were treated with dexamethasone (Decadron’, Merck, Sharpe and Dohme) 


25 ug/100 g b.w. subcutaneously at 18 and 2 h prior to adrenal surgery 


se to prevent ACTH secretion in response to the operation. Hypophysectomy 


was performed by ‘the parapharyngeal, approach under ether anesthesia _ 
2-4 h before adrenal surgery. In some experiments: rats were sajecten 


with a long-acting ACTH (Acthar gel, subcutaneously; 
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‘was saved and combined with a further 0.5 ml wash with O.5N HC10 
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the regimen and ‘amount of ACTH treatment varied and willbe delineated 


below. 


~ Rats were anesthetized with ether and the left adrenal gland was — 


exposed through a ‘retroperitoneal incision. Unilateral adrenalectomy 
| consisted of removal of one adrenal. whereas surgical sham adrenalectomy 


consisted of einiter and ‘muscle incisions and the adrenal gland 


was exposed but not touched, The skin incisions were clipped and rats. 
were returned to their home cages. Rats were killed by decapitation 
at the times indicated below. Adrenals were removed and placed on oe” 


ice in closed dishes on paper saturated with 0.9% NaCl. ‘The chilled 


_ glands were cleaned of fat and connective tissue and weighed to the 


‘nearest 0.01 


DNA and RNA were extracted from adrenal ‘homogenates (1: 100 w/v de 7 
distilled vater) ‘by the method of Schmidt and Thannhauser (1945), 
incorporating by Munro Fleck (1966), 
Protein in 0. 5 ml homogenate, was precipitated by adding an equal volume 
of 10% acid (TCA) followed by: 2 washings of. the 
precipitate with 5% TCA to remove acid soluble compounds. vere were 
simionee by 2 washings with 95% ethanol saturated with NaAc. followed by 
2 washings with 95% ethane! saturated with Nadc: diethyl ether (3: 1 v/v). 
The precipitate. was | dissolved in 0.5 nl 0. aN KOH for at least 2h and 


then RNA was extracted by adding 0.5 ml cold IN HCI0,. | The supernatant 


4° 


RNA was assayed by the orcinol method in 0.5 ml samples. DNA was ss 


extracted by heating the precipitate at 70°C in 1.0 ml 0.5N HClO, for 


20 min. ‘A second wash of 0.5 ml was combined with, the initial extract 


and 0.5 ml samples were measured in duplicate using the method of 
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Sees adrenal DNA was determined by counting 0. 5 ml of the 0.5N HCLO | 


measured. 


Burton (1968). Calf thymus DNA (Sigma) and D-ribose (Sigma) were used 


| as standards for these determinations, Protein concentrations were 


determined. by the method of Lowry (1951) using human albumin as standard, 


In one experiment, adrenal growth was monitored by determining 


er incorporation into adrenal DNA. Rats were anesthetized with 


ether and injected through a tail vein with (New 


; Injections of Labelled precursor (100 uC/100 8 w. in 0. 2 


ml NaCl) were given at the time of operation or at 3 or 6h following 


the operation. All aninais were 12 h the 


operation; adrenals were removed, weighed, homogenized and auc 


acids were extracted as described above. ‘Incorporation of label into 


4 
DNA extract. At least 10, 000 counts were collected; background achivity. 


was subtracted from each sample to compute cpa/total adrenal DNA. 


Exper Groups 6 rats were treated with dexamethasone or 


saline before left adrenalectomy or sham adrenalectomy. All animals 


were sacrificed 6 h Lathe. Right adrenal weight and DNA content were 


"Experiment, II. The design of this experiment is. the same as that 


in Experiment I except that animals were sacrificed 24, h postoperatively 


and adrenal RNA and protein content were ‘in addition to 


: ‘adrenal weight and DNA content. 


Experiment III. (8/group) were treated with dexamethasone 


before left adrenalectomy or lies adrenalectomy. An additional group 
“ 7 rats was also given 8 U ACTH subcutaneously at the time of left 


adrenalectomy. All animals were sacrificed 12 h postoperatively. 


Adrenal weight, DNA and RNA content and thymidine incorporation into : i 
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Experiment IV. Rats (6/group) were subjected to left adrenal- 


adrenal DNA were measured. | 


ectomy or left sham adrenalectomy and groups were killed 0, 1, 3 and 7 


days later. | Half of the rats received 4 U ACTH subcutaneously twice a. 


day from the day of operation to the ‘day of sacrifice; the remaining 


animals received saline injections at sintiar times. watehs, 


‘DNA and ‘RNA content were 


inant groups of 16 rats were. 
2-4 h before left (8 rats/subgroup). or left sham | 
adrenalectomy (8 rats/subgroup). An additional group with intact 
pituitaries i tas nth as controls. All animals were sacrificed 3 days : 
postoperatively. ‘intact control and one hypophysectomized 
group received a oe injection at the: time of operation whereas the 


4 remaining hypophysectomized re received 1.0 U ACTH subcutaneously 


at . operation. In addition to the ACTH at 


_hypophysectomized groups received 0,5, 1. O.and 2.0 U ACTH, respectively, 


twice a day separ sacrifice. Right adrenal wet weight was measured, 


¢. RESULTS AND DISCUSSION 


and Acceleration of the opment of compensatory adrenal 


| growth in the absence of Acta. Table III-1 shows right ‘ak weight 


cand DNA content 6h after left. adrenalectomy. In animals treated with 


a regimen of dexamethasone shown to completely block ACTH secretion 


¢. 


(Chapter II), right adrenal weight is elevated in left adrenalectomized 


rats compared to sham adrenalectomized controls at 6 h. This increase 


is paralleled by a significant increase in DNA content in adrenalectomized 


rats: (p < 0. 01 vs sham controis). In contrast, 


enki. win treated with dexamethasone failed to show an increase in 
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Table III-1. Right adrenal weight and: DNA content 6 h after left 
or left sham adrenalectomy. 
Dexamethasone treatment accelerates adrenal growth 


after unilateral adrenalectomy (n=6/group) . 


adrenal weight DNA 


(ug/gland) 
(25 ug/100 g b.w,) 18 and 2 h 
preoperatively 
sham adrenalectomy ‘8,49 + 0.59 
| | ‘ 
_ left adrenalectomy , 10,12 + 0.72 78.0 + 5.3 
 Saline-treated 
(0.2 m1/100 g b, we) 18 and 2 h 
preoperatively 
| sham adrenalectomy ‘10.36 + 0.82 ° (63.9 
left adrenalectomy 9.92 + 4.5 


p. < 0.01 vs dexamethasone-treated, sham adrenalectomy group and 
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right adrenal weight or DNA content compared to sham adrenalectomized 
animals, No difference was found between adrenalectomized and dies 
adrenalectomized animals from either he 
saline-treated grou in adrenal RNA init protein content at 6 h (data 
not: shown) . These results complement earlier experiments which showed 
3 significant increases in adrenal wet and dry — at 6 h after 
sttenabentony (Chapter II); the rapid weight increase with concomitant ; 
increases in DNA content suggest that in the pe ene of ACTH adrenal 
hyperplasia is stimulated at 6 h after unilateral adrenalectomy. 
| _— adrenal weight, DNA, RNA and protein content 24 h after 
| left adrenalectomy and vile adrenalectomy are ‘shown in Figure III-1.. 
By 24 h in dexamethasone-treated animals adrenal weight, ‘DNA, RNA and 
protein content are significantly orsahax (p < 0.05) in adrenalectomized 
animals compared to sham ‘the 
of the ACTH inhibition by dexamethasone is apparent in comparing 
: dexamethasone-treated and saline-treated groups. By 24 h in the 
_ absence of aii adrenal weight is decreased; this hentai is 
paralleled by decreases: ia RNA and ondhakis content. While the prominent 
influence of ACTH on growth is well demoggtrated by the 
adcenal atrophy observed in its absence, compensatory growth is still 
observed when ACTH is removed, | 
In this experiment no difference in any adrenal parameter was 
found between the saline-treated adrenalectomized and sham adrenal- 
ectomized. groups; cilia, in replicate experiments using animals not | 
treated with dexamethasone, at 24 h after adrenalectomy significant 


increases were observed in some or all: of these parameters .. g. see - 4 


Figure 111-2). | “While an enientien for this variability is not 
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Fig. III-1. Right adrenal weight, DNA, RNA and protein content 24 a 
after left adrenalectomy or adrenalectomy in rats 
ee treated with dexamethasone (25 ve/100 g BW) or saline 

(0.2 ml/100 BW). represent the mean, 
lines indicate + SEM and the number of sutuals in each 


group is indicated at the bottom of each colum. 
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Dexamethasone  $aline 
Pretreatment Pretreatment 
16 - 
Right 12 
adrenal 
weight 8 F 
(mg) 
4} 
ol 
80 
DNA 
(ug/gl) 49 
20 
ok 
40 } 
| 
(ug/g1) 20 : 
ob 
| 
th 
Protein 1.5 
(mg/g1) 1.0 } 
-O5- 
n=3 n=4 n=4 
Left adrenalectomy ~ p< 0.01 
p< 0.05 


Left adrénalectomy 
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apparent, ‘he amount of ACTH secreted at the time of ciate may be | 


important in dictating how quickly compensatory growth will 


An increased initial exposure to circulating ACTH may suppress | 


subsequent adrenal growth after unilateral adrenalectomy. 


TIT. Decreases in weight , DNA content and “H-thymidine 


“incorporation following’ replacement of dexamethasoné-treated animals 


with ACTH. dexamethasone ‘treatment suppresses the secretion of 


other pituitary hormones in addition to ACTH under certain experimental 
conditions (eichlin, 1974; Florsheim, 1974), it was possible that the 
removal of hormones ‘other than aie by dexamethasone was responsible 


for accelerating compensatory growth, To test this —— the 


. effect of = replacement of dexamethasone-treated animals was studied. 


Table III-2 shows right premen weight, DNA and RNA content and 


thymidine incorporation into adrenal DNA 12 h after left adrenalectomy, 


: sham adrenalectomy and left adrenalectomy with ACTH replacement. 


Whereas right adrenal weight, DNA and RNA content and thymidine 


; incorporation were significantly since (p < 0. 05) in left adrenal- 


ectomized animals compared to sham adrenalectomized aninals; treatment 


with ACTH eliminated or suppressed these differences. Right adrenal 


weight and thymidine incorporation following ACTH treatment were not 


different between adrenalectomized and sham adrenalectomized groups, : 


and DNA’content was significantly suppressed (p < 0.05) in ACTH-replaced, 


adrenalectomized rats to noarteplaced, adrenalectomized 


Since increased DNA content and thynidine incorporation into DNA 
indicate the occurrence of cell proliferation, these vequite. suggest 


that the growth response after unilateral adrenalectomy is eeiaaeiie 


hyperplastic and that circulating ACTH can suppress this type of 
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adrenal 


Delay of the of compensatory after ACTH 


treatment. Since a | single ‘ingaetion of ACTH at the time of operation 


can suppress compensatory at 12 h, experiments. were 


to test whether prolonged ACTH treatment could delay the neta 
of compensatory adrenal Figure III-2 shows right adrenal 
weight, DNA and RNA content RS cheas left adrenalectomy and left surgical 


control operation in animals treated with saline or 4 U ACTH twice 
3 | 


aieestd for the duration of the experinent. In the saline-treated groups, 


adrenal Wenee's DNA and RNA content are significantly increased in 


adrenalectomized animals at 1, 3 and 7 days postoperatively (P < 0, o1 


or P < 0.05 vs surgical controls) However, ial treatmen¢ completely 


inhibits weight | increases in adrenalectomized animals (p > 0.5 vs. 


‘surgical controls) until 7 days inhibition was 
paralleled by no differences in DNA content throughout the 7 day period. 7 


- RNA content was elevated in the ACTH-treated, adrenalectomized animals 


at 1 and 7 days (p s 0.05 ‘i p < 0.01, respectively). Comparison of | 
saline-treated, and ACTH-treated, surgical control groups shows that 
adrenal weight is increased by ACTH treatment at'1, 3 and 7 days; this 
increase can probably me. atienatae to increased RNA content at. these 
same times. These data support the observations of many laboratories 
that ACTH treatment causes rapid and large fncreases in adrenal RNA 

and protein content (Farese and Reddy, 1963; Bransome and Chargaff, 
1964; Imrie et al., 1965) leading to the conclusion that ACTH stimulates 


adrenal increases cell hypertrophy, not hyperplasia. 


. The increased DNA content observed after 7 days of ACTH treatment in 


this experinent was not unexpected in light of similar findings by 
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Fig. III-2._ Right adrenal weight, DNA and RNA content - the time of 
= left adrenalectomy or sham sdxenkbactony and at 1,3 and 
7 days after the adrenal operations in rats treated with 

saline (0.2 ml /100 BW) or ACTH (4 U) twice daily. ‘Solid 


circles and open triangles represent the mean response of 


tony, 


6 rats and the vertical lines indicate + gee 
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‘other workers (Bransome and Reddy, 1961; Fiala, Sproul and Fiala, 1956). 
These investigators explained the cell proliferation after prolonged 


ACTH treatment according to the theory of a mass"; that _— 


elements attain a mass. Thus, cell proliferation stimulated. 
by ACTH ee in these experiments probably contributes little to 
the initiation: and development of compensatory growth. 


Inhibition of adrenal growth in 


animals by ACTH treatment. Experiments were performed to determine 


he dais ACTH was required to suppress the development of compensatory 
Figure III-3 shows’ adrenal weight in intact 
and hypophyséctomized animals 3 days after left ‘adrenalectomy and — 
sham left ‘Intact and hypophysectomized 
receiving saline at the time of showed 
compensatory growth at 3 days. Loss of pituitary hormones decreased 
the absolute adrenal weights of hypophysectomized animals compared to 
intact animals; however, significant differences (p < 0. 05) in adrenal 
weight were still found: between and sham adrenal- 
animals within both The remaining hypophysectomized 
groups which received different juncake of ACTH did not show | | 
compensatory growth. Surprisingly, a single injection of 1 U ACTH at a 
— time of gland removal had as great an inhibitory effect as any of a 
the other ACTH regimens. These findings indicate that increased 
circulating ACTH at the time of adrenal surgery is sufficient to delay 


, compensatory adrenal growth for 3 days. 


| 
mitosis in a cell is inevitable when the cytoplasmic subcellular 


Fig. III-3. Right adrenal weight 72 inte or 
| intact or hypophysectomized rats” | 
treated witt’ ‘ealins (0.2 ml/100 g BW) at the time of 
adrenal surgery. Additional groups of hypophysectomized 
rats were treated with ACTH (1.0 U) at the time of 
otveusl dimuure in addition to saline or 0.5, 1.0 or 
2.0.0 ACTH twice daily. Bars represent the response 


of 8 rats and the vertical lines indicate + SEM. 
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D. CONCLUSION 


These experiments confirm earlier work (Bransome: and Reddy, 1961; 


Reiter and Pizzaréllo, 1966) showing that unilateral adrenalectomy 3 
results in cell proliferation in the remaining adrenal gland, _ Adrenal © 


DNA content is increased by 24 h in the _ of ACTH (Figure III-2). 


and és 6 h in the absence | of ACTH (Table III-1). 7 is consistent with 


these results to classify weight increases after unilateral , 


adrenalectomy as "compensatory adrenal hyperplasia" rather than. 


“compensatory adrenal hypertrophy". While significant increases in. 


RNA content occur after (Figure III-2), 


changes can probably be ascribed to the action of ACTH stimulated by 
the stress of surgery and sor to the stimulus laitiated by adrenal- 
ectomy. | | 

The ‘ody of data 2 presented in this chapter extends earlier 
experimental results which showed that ACTH secretion is not required 
for cempetary adrenal growth (Chapter II). While ACTH treatment | 
increases advenal, and RNA: and content, it suppresses 
the hyperplastic response to unilateral adrenalectomy. ” Although aa: 
mechanism by which ACTH inhibits cell growth ic wi. is oper 


rapid increase in BNA and protein content could a Activation 


‘of DNA cuiuisia has been attributed to the synthesis of a ROMELEtS 


RNA which codes the enzymes involved in the separation of the DNA 
strands and the ten of the component 
(Baserga, 1965). | In addition, inhibition of RNA avathenis a few hours 
before initiation of DNA synthesis inhibits subsequent DNA synthesis | 
(Schwartz, Sternberg and Phillips, 1963). ACTH stimulation, by 


initiating the synthesis of RNA used as a template to assemble enzymes 


. 
| 
. 
. 


required for adrenal steroidogenesis (Gill, 1972), may decrease the ~ 

pool of RNA precursors within the cell; that is, the cell may not have 
the wktertils necessary to initiate cell proliferation in response to 

unilateral adrenalectomy, Thus, the increased RNA eontent after ACTH 

reflect the mechanism for delaying compensa- 


tory growth. 
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CHAPTER LV 
NEURAL MEDIATION OF COMPENSATORY ADRENAL GROWTH . 
A. INTRODUCTION 
The. that dexamethasone or hypophysectomy did 

not prevent compensatory adrenal growth after unilateral adrenalectomy 

in rats suggested that neither a hypocorticoid signal nor. hypersecretion 3 
of ACTH is required for the response. The failure of 

hypophysectomy to eliminate the unilateral adrenalectomy 

further suggested that a non-humoral factor might be responsible for 

compensatory growth. Since neural activity has. been implicated in 

-some tissues to explain the capacity for spdittic compensatory growth | 

following tissue loss (Muir, Pollock -— ees 1975; Ashrif, Gillespie 

and Pollock, 1974), studies were designed to determine whether nerves 
A series of experiments was “performed in which suspected afferent and/or 

afferent adrenal neural pathways were interrupted, and the tenpenen to 

subsequent vatiateres adrenalectomy was -Lesioned areas 

included: hypothalamic nuclei which were reported to “receive afferent 

neural activity from the adrenal (Sajoneki? et al., 1965; Halasz por 

1959; Gerendai et ales 1974) 3 the spinal cord at a 

thoracic level (T-2) above the entrance or ie of splanchnic nerve 

fibers; the splanchnic nerve as it enters or ‘Sioa the celiac ganglion; 

and the vagus nerve at suanas level. Since all Lesions would 


undoubtably affect tissues in to the an effect 


on the adrenal resulting fc a lesion might be secondary to 


alterations produced on another tissue. Thus, unilateral lesions 


were made in all experimental series; a unilateral adrenal response 


~ 
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MATERTALS AND METHODS 
were used in these studies. 1-5 days before 
with an automatically controlled light cycle (lights on from 06.00 h : 
until 18,00 h). Food ms. water were available at all tines. Surgery | . 
| through a ‘dorsal midline skin incision and a lateral retroperitoneal 


incisions and the gland was observed but. not. touched. 


but no current was passed. Rats were lesioned on the left or right 


rats were killed 4 days after unilateral adrenalectomy or unilateral 
 gham adrenalectomy. At the time of "sacrifice, brains were and 
fixed in 10% formalin, 5Qy sections of frozen were stained 


with carbol fuchsin and subsequently studied to. 


praduced by a unilateral lesion is probably due to altering adrenal 
neural activity directly whereas a bilateral effect can be conaidered 


to constitute a secondary effect of the lesion, ' 


Male Sprague-Dawley rats (Simonsen, Gilroy, CA) weighing 100-150 g 
experiments, were housed 2 per cage in an artificially lighted room. 
was performed ether or 5 mg/100 g b.w. sodium pentobarbital 
(Nembutal, Abbott) anesthesia. Unilateral adrenalectomy was performed 


incision. Sham unilateral adrenalectomy was performed through similar 


ypothalanite Unilateral lesions 
produced by current through a unipolar platinum 
electrode insulated at the tip (diameter 0.25 mm) . 
All lesions were sinleted by passing a current of 1 mA for 30 sec. The 


electrode was placed into the hypothalamus of the sham-lesioned rats 
side of the hypothalamus, or they were sham-lesioned’ unilaterally; 


4 days later either the left or right adrenal gland was removed. An 


additional group of rats was unilaterally sham-adrenalectomized. All 
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determine the site of the lesions, 


cord was stained for myelin using the Kluver-Barrera technique; the 


Spinal cord hemi-sections, ‘Hemi-section of the spinal cord was 


performed through a dorsal midline skin incision and separation of 


muscle layers overlying the vertebral column. Following removal of 


connective tissue and dura matter surrounding the spinal cord, the 


cord was punctured in the midline of the intervertebral space between 
the 2nd and 3rd thoracic vertebrae using a 27-gauge hypodermic needle. 
Using the needle perforation ; as a placenent cutde, ‘one blade of a. 
micro-scissors was placed Siro. the cord and half rhe cord was 
sectioned horizontally; left or right hemi-sections were made, At 


sacrifice spinal oneee were removed and fixed in _ formalin. As-u 


paraffin sections were cut and stained. Every tenth section from each 


remaining sections were stained with carbol fuchsin. Sections were 


subsequently studied microscopically 1 to determine the extent of the. 


lesion. Sham hemi-section consisted of simflar skin and muscle. 


“incisions and removal of cenmidiie tissue layers and dura mater 


but the spinal cord was or 


unilateral sham adrenalectomy was performed 5-7 days following hemi- — 


section; all rats were sacrificed 3 days following the adrenalectomy 


sur gery. 


- Adrenal. denervations. For all denervation ‘surgery, the adrenal 


gland and surrounding vascular and neural elements were exposed through 


lateral skin and retroperitoneal. incisions. Figure 
a diagram of the left adrenal gland and surrounding neural elements as 
viewed in the rat from a dorsolateral approach. All exposures and 


denervations were performed with the aid of a Bausch and Lomb dissecting. 
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Fig. IV-l1. Diagram of the rat adrenal gland illustrating the adrenal 


nerve supply and major blood vessels. 
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es microscope. The sham denervation consisted of retracting the left 
adrenal gland from its position at the anterior pole of the kidney. 
and exposing the left celiac ganglion, the splanchnic nerves and 


adrenal nerves which lie medial to the adrenal gland. Celiac isolation 


consisted of retracting the left sheeias gland, exposing the celiac i 
ganglion and cutting the splanchnic nerve both rostral and caudal to 

the celiac ganglion. Vitis sedknders removes splanchnic input from the A 
input from vagal fibers, adrenal fibers 

from, the sympathetic chain may not be sttnies & this cut. 


Splanchnectomy consisted of manipulations similar to celiac isolation; © 


however, only splanchnic fibers travelling rostral to the celiac 


ganglion were severed. Adrenal nerve transection consisted of exposing — 


"and cutting any fibers observed between the celiac ganglion and the. 
adrenal. The small vies of these fibers, however, limited the 
probability this pathway. For all 
unilaterally sham 5 days the operations. 


All rats were sacrificed 3 days after the adrenalectomy or sham 


adrenalectomy surgery. 


Cervical vagotomy. Following a ventral midline skin incision, 
muscle. layers overlying the carotid sheath were separated at the level 
of the cricoid cartilage. The vagus nerve was exposed unilaterally, 


retracted from its position between the internal jugular vein and 


common carotid artery, and severed. Sham unilateral vagotomy consisted 


of a similar exposure of the vagus without touching the nerve. . Animals 


were unilaterally adrenalectomized or unilaterally sham adrenalectomized } 


2-3 days after the surgery; all rats were sacrificed 3 days following 
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the adrenalectomy operation. 


Lidocaine blockade, Under ether anesthesia, the left adrenal 


gland was exposed through a dorsal midline skin incision and lateral 
: retroperitoneal incision. The adrenal gland was retracted lateraliy 
and Lidocaine (Xylocaine, 1% lidocaine HCl, Astra) or satine was placed 
on the adrenal blood vessels and nerves by injecting 0.2 wi Ghee the 
exposed area and by placing a cotton swab saturated with lidocaine 

| “sexi adjacent to the adrenal pedicle. Five min following drug 
or vehicle the cotton swab was removed and the left 


adrenal was removed or returned to its initial position. Skin 


_ incisions were closed with wound clips and animals were returned to 


home cages. All animals were killed 12 hours later. 
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In all lesion experiments, animals were killed by decapitation 
and the adrenals were immediately removed and collected on easter — 
saturated with 0, 9% NaCl in closed adrenals were 
cleaned of eae and connective tissue and weighed | to the nearest 0.01 mg. 
some experiments, adrenals were placed in an oven at 100° C and dried 

Statistical significance of thé. difference in means wn calculated 
using Student's t-test. | 


RESULTS AND DISCUSSION 2 


Blockade of compensatory adrenal growth ‘by unilateral hypothalamic 


lesions 


Table IV-1 shows the lesion experiments. 
Indtveduak are listed in the table and are 
whether adrenalectomy me on the same side as nee Ses opposite to 
the lesion. The side of adrenalectomy is indicated, and the animals 
are assigned to one of four subgroups according to the site of the 
There is no significant difference mean adrenal 
weight of all rats with lesions on the side of ‘the hypothalamus 

_ weight of sham-lesioned unilaterally adrenalectomized rats (p> 6.5); 
‘compensatory adrenal growth occurs normally in this ‘group. ‘i es 
the remaining sduiia’ gland from rats with lesions ipsilateral to the 
side of gland extirpation weighs significantly less than those either 
from sham-lesioned cctteceralte adrenalectomized controls (p < 0,025) 


or from contralaterally-lesioned unilaterally adrenalectomized rats” 


(p < 0.005). 
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. 
. 


58 


. Table IV-1 Comparison of the effects and sites of lesions placed ipsilaterally and contralaterally 
the side of adrenalectomy 


‘Controls: | Mean adrenal wt. 
(mg/100 g b.w.) 
‘No lesion; sham-unilateral adrenalectomy 7.00+0.61 (6) 
Sham lesion; unilateral adrenalectomy 9.58 £0.46 (6) 
Coordin ates Ipsilateral lesions Contralateral lesions 


Groot, 1959 
[DE — Ani- Sideof Adrenalwt., Ani- Side of » Adrenal wt, - 


mal adrenal- mg/100g = mal adrenal- mg/100 g 


No. ectomy b.w. No.  ectomy b.w. 
~ ASA 
vertical: 3 15 L 8.6 L 9.2 
36 6.7 38 10.6 
Mean+SEM 7.23 £0.64 11.03 +0.83 
(t = 3.624) p = 0.011 
vertical: 8.3 9.8 
-3.6 to -4.7 11.7 
30 9.7 MR 9.5. 
Mean + SEM 8.11+0.38 9.44+0.60 | 
(t = 1.860) p = 0.086 
vertical: 12. L 9.2 
-3.0to-3.7 7.9 13.2 
lateral: : 27 R 10.4 . 38 R 10.6 , 
0.7 to 1.6. ceased 
‘Mean+SEM 11.00+ 1.17 
(t = 1.402) p = 0.233 
-3.7 to -4.4 5.3 26 11.1 
lateral: 8.3 13.2 
0.7 to 1.6 -k. 8.3 38 OR 10.6 \ 
Mean+SEM 6.77 £0.58 10.42 + 0.98 
(¢ = 3.335) p = 0.009 ne 
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Coordinates according to the atlas of de Groot (1959) were . 
arbitrarily to divide lesioned areas dorsal and ventral 
axeas. the total extant of lesions falling within each brain area is 
shown schematically an — IV-2 and IV-3 for levels A 5,4 and 4,6, 
ee individual adrenal weignte are given in Table IV-1. At the 
more anterior level it is clear that dorsal lesions ipsilateral to 
piaviersmeuaen4 inhibit | compensatory adrenal growth compared to dorsal 
lesions contralateral to adrenalectomy (p=0.011). Ventvaiiy placed 
lesions at ‘this anterior level do not ‘appear to affect sediennaeiib 
adrenal growth, Figure IV-2 shows the total vertical aha lateral extent 
of the lesions at A 5.46. Figure IV-4 shows two examples of these 
"Lesions at their extent: on the top a lesion that was 
followed tpstlateral adrenalectony and no compensatory adrenal 
"growth; on the bottom is a lesion that was followed by sautecieteral 
“adrenalectomy and normal compensatory, growth. | 
More posteriorly, lesions placed merenthy do not inhibit 
compensatory adrenal ‘growth whether they are winced 
contralaterally the side of subsequent adrenalectomy. There is no 
significant difference aii either group and the control, sham- 
lesioned unilaterally adrenalectomized rats (p=0.55 and p=0.21 for 
thattacevelies and contralaterally-lesioned animals vs controls, 
respectively). In contrast, ipsilateral lesions placed cae 
poe in a significantly decreased adrenal weight compared to the 


adrenal weight of the sham-lesioned unilaterally adrenalectomized _ 


- rats (p=0.009). Figure IV-3 shows the total vertical and lateral 


extent of lesions made at this hypothalamic level. Figure IV-5 shows 


two examples of lesions at their greatest extent: as in Figure Iv-4 
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Total vertical and lateral extent of lesions placed in 


Fig. IV-2. 


the ventral hypothalamus at anterior-posterior level 
A 5.4 (de Groot). Dashed lines denote specific hypo- 
‘thalamic nuclei and shaded areas correspond to the first 


_ two groups of coordinates in Table IV-1. 


6) 
> 


Contralateral Ipsilateral 
ae To adrenalectomy 


Compensatory growth normal 
Compensatory growth inhibited 
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Fig. IV-3. Total vertical and lateral extent of lesions placed in 
the ventral hypothalamus at anterior-posterior level 


A 4.6 (de Groot). “Symbols are as in Fig. IV-2. 
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Contralateral 
To adrenalectomy 
Compensatory growth normal 
Compensatory growth inhibited 
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‘Fig. Iv-4. Photunicrcgveshs of hypothalamic lesions at level A 5.4 
| in 2 (100 .x . The micrograph on the 
top shows ‘ lesion made ipsilaterally to subsequent ~ 
adrenalectomy that prevented compenkebexy adrenal growth. 
The micrograph on the bottom shows a sia " the same 
level and of intontenkaie the same size that was contra~ 
lateral to the side of subsequent adreraiectomy. Com- 


pengatory adrenal growth was normal in this rat. 
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| Pig. Ives. Photomicrographs (100 x magnification) of hypothalamic 
| lesions at level A 4.5. As in Fig. IV-4, the top micro- 
on a graph shows a lesion made on the side ipsilateral to the 
removed the bottom is shown a micrograph 
of a lesion on the side contralateral to the removed ~ 


‘the lesion made ipsilaterally to the removed adrenal 


' but not by the contralateral lesion. 
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one * Satie (top) is on the side ipsilateral to the removed adrenal gland 
‘and inhibits compensatory adrenal growth; the other lesion as on the 


. side contralateral to the removed adrenal gland and does not interfere 


with compensatory adrenal growth. 
_ Compensatory adrenal growth in these experiments was measured by 
determining the wet weight of the — adrenal four days after 


unilateral adrenalectomy. It was shown previously that, compared to 


sham operated controls, there is an increase of approximately 25% _ 
adrenal weight 3 days after unilateral adrenalectomy. This percentage 


. difference in weight was sustained but not markedly increased 10°-days 


post-operatively (Chapter II). The 4-day endpoint in these experiments 


was chosen for convenience. 


Because of the’ exoneed of the present experiments, both 


left and right adrenals were used to determine whather compensatory 


adrenal growth had occurred, In this strain of rats we have not viin 


able to measure a significant difference in weight vecueen the left 


and or adrenal glands, although the left tends to be heavier by 


about: 4%. When alternate adrenals were collented baie 56 unstressed 


male rats weighing 120-140 g, the left on right adrenals weighed 


— 10, 91 + 0,32 (N=28) and 10.44 + 0. 35 (N=27) mg, respectively. The 


difference in weight was not ghandticant Similarly, in a series of 


pairs of adrenals collected 12 h after sham adrenalectomy, left “as 


right adrenals weighed 9.49 + 0.51 and 9.17 + 0.44 mg, respectively 


(N=16); the difference was not significant using a paired t-test _ 


(t=1.40). . Therefore the increased weight of either adrenal above the 


weight observed in sham-operated controls probably reflects compensatory 


growth, and conversely, no increase in weight above the level in 
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_ sham-operated controls probably denotes the lack of compensatory growth, 


The results of these experiments strongly suggest that compensatory 
adrenal growth is neurally mediated by a crossed efferent pathway 


originating in or — through the. hypothalamus, to ultimately 


ne in the edntralateral adrenal gland, Because the study was 


performed using a crossed design, it is clear that only a LeSion that, 

is ipsilateral to the removed adrenal will prevent compensatory adrenal 
growth. tenons: placed ipsilaterally to the side of adrenalectony = 
the area of the dorsal lateral part of the ventromedial nucleus 
anteriorly and the lateral premammillary nucleus posteriorly soupletely 
prevent the compensatory response. Ipsilateral Lentous adjacent. to 


these areas, in addition to contralateral lesions throughout the ventral 


hypothalamus, do not affect compensatory adrenal growth. The sites of 


‘the effective lesions are compatible with the course of the medial 


forebrain bundle. 
‘Bilateral hypothalamic Seatone that produce bilateral adrenal 


(Endroczi and Mess, 19993 et al., 1962) 


or prevent ‘compensatory adrenal growth (Bachrach and Kordon, 1958). 


have been reported, Although these adrenocortical changes 
were ascribed to decreases in ACTH conearaies the atrophy may have 3 
resulted from disruption of efferent nerves to the gland. This 


interpretation is ene by the finding that the location of such 


lesions is similar, although greater in extent, to the location of 


‘the lesions in this study. electrical simulation 


of this hypothalamic region does not cause acute ACTH secretion, as 


measured by depletion of adrenal ascorbic acid (Endroczi, Kovacs. and 


‘Lissak, 1955). In addition, wstiavevel lesions in the same hypothalamic 
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area lead to a decrease in the nuclear volume of zona fasciculata cells 
on the side contralateral to the lesion (Smollich and Docke, 1969). In 
sum, these results support the hypothesis that there is an efferent 
neural pathway from the hypothalamus to the contralateral adrenal gland 
that regulates adrenal cortical growth, 


Blockade of compensatory adrenal growth by hemi-section of th e spinal 


cord: at level-2. 


If a neural pathway from the hypothalamus to the adrenal gland 


mediates adrenal growth after, unilateral adrenalectomy, destruction of 
ef ferent pathways from the hypothalamue should 
ginth, -% test this hypothesis, the compensatory growth response was 
after aptinal cord. hani-section lesions. The results of the 
hemi-section experiments in IV-6. For each hemi- 
section group, the number of animals that underwent right adrenalectomy 

3 right sham operation equalled the number that underwent left 
or left eperation. Ipsilateral hemi-section refers 
to animals whose spinal cords were hemi-sected on the same side as 
the adrenalectomy or shan adrenalectomy,whereas contralateral hemi- 
section refers to animals which were hemisected on the side opposite 
to (hint adrenal surgery. ‘The spinal cord surgery was performed | 
5-7 days prior to the adrenal surgery. In sham hemi-sected animals : 
there was a significant increase (p < 0.01) in 
adrenalectomy when compared to the sdtidah watahis of unilaterally sham 
adrenalectomized animale, Likewise, following an adrenalectomy 
to the side at cord hemi-section, compensatory growth did 
eeage However, the response to unilateral adrenalectomy was blocked 


in animals which were adrenalectomized on the side contralateral to 
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Fig. IV-6. Right adrenal weight 72h after unilateral adrenalectomy 


or sham adrenalectomy in rats in which spinal cords had 
been hemi-sected at thoracic level-2 or sham hemi-sected. 
Bars represent the mean, vertical lines indicate + SEM 


and the number of animals in each group is indicated at 


the base of each bar. 
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* lesion is interrupting a strictly neural pathway; that is, the sidedness 


ventromedial nucleus anteriorly or in the ventral and lateral 


that either an afferent component, or an efferent component, or both 
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the cord hemi-section. There was no soeitioun difference (p > 0,50) 
in adrenal weight between ctitvalataral-~ledioned, unilaterally 
adrenalectomized animals and contralateral-lesioned; unilaterally sham 
adrenalectomized controls, In addition, the response to unilateral 
adrenalectomy was ‘significantly oo in the contralateral-lesioned 
group compared t to the anereres” lheni-nected group (p < 0.01) and the 
sham hemi-sected group (p < 0.01), Histological data from animals 


having partial hemi-sections’ or from animals with lesions extending 


‘across the midline were not included in the statistical analyses. The. 


finding that hemi-section of the spinal cord on-the contralateral side 
inhibits compensatory adrenal growth whereas hemi-section on the 


ipsilateral side has no inhibitory effect suggests that the spinal cord 


of the effective lesion does not support the possibility that secretion 


a agent is being affected’ by the 


The sketch in Pigure Iv-7 the lesion and 


spinal cord hemi-section data. iakone in the dorsal part of the 


| premammilary nuclei posteriorly block compensatory adrenal growth | 
placed in the hypothalamus ipsilateral to the side of adrenalectomy; 


lesions of the spinal cord block compensatory adrenal growth if the 


hemi-section is contralateral to the side of adrenalectomy. Together 


these results reveal that compensatory adrenal growth is neurally 


mediated; that the compensatory response is regulated centrally; and 


afferent and.efferent components are neurally mediated, 


T£ the assumption is made that removing the adrenal gland 
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Fig. IV-7. Diagram of the neural 
compensatory adrenal growth after unilateral adrenal- 
| atten. The solid line represents the efferent pathway, 
the dotted line represents the afferent pathway and the hak 
X's indicate the iiaiheiiaes of lesions which blocked 


compensatory growth. 
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stimulates growth of the contralateral gland by afferent | 


neural connections, cutting hypothetical afferent nerves ghould 


: result in adrenal growth. Using the increase in weight of the 


— removed adrenal as a criterion to determine afferent neural 
stimulation, no hypothalamic lesion or — onee lesion produced in 
these experiments stimulated afferent adrenai nerves. Thus, lesions 


which inhibit compensatory growth are cutting efferent pathways, 


Alternatively, the lesions may be cutting both efferent and crossed 
afferent components; in this case, severing the efferent component 


removes any possibility of identifying the crossed afferent component. 


The conclusion from these studies as — in the figure wad that 


the os component the compensatory response is neural having 


ite origin in the brain, crossing the midline, descending in the ae 


spinal cord and terminating in the adrenal gland. While there is 


little evidence for an afferent neural component, consideration of a | 


. humoral agent as the afferent component also remains speculative. 


Failure of peripheral nerve transection to alter the compensatory 


growth response | 


_ The hypothalamic lesion and spinal cord hemi-section data 
suggested that adrenal nerves were necessary for compensatory adrenal 
growth. Attempts were made to follow the efferent pathway from the 


spinal cord to the ahaa’ by cutting nerves known to send fibers to 


the adrenal gland. Also, if the afferent components travelled with 


the atlavegt component within the central nervous system, the two 


panes might separate in the. periphery and become susceptible to 


identification through Unfortunately, the 


complexity of the adrenal innervation and the close proximity of 


| 
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the adrenal bload supply in the rat (see Figure IV-1) 

- made the denervation surgery difficult, Denervations were performed 
which insured that the adrenal vasculature was not compromised. Based 

3 on this criterion, at no time were we convinced that all adrenal neural 


elements had been ewrectl by any — intervention. Studies from 


other laboratories (Hata, 1959; Aburaya and Hata, 1961). have reported 


results based on adrenal denervation data which suggest that denervated 


adrenals were atrophied and hypofunctioning compared to innervated 


adrenals. However, there is no convincing evidence that the results 
obtained were due solely ‘to cutting adrenal nerves rather than to 
compromising the adrenal blood supply.” Future studies perforned in 
larger animale circumvent this problem. 

Results of experiments performed on the rat are shown 


in Table IV-2. Compeneatory adrenal ‘growth was comparing 


left weight of right animals to the left 


adrenal weight of right sham adrenalectomized animals. In both conttol 


groups and in all experimental groups, compensatory 
untlatece! adrenalectomy occurred by both wet and 
dry weight determinations, adrenal weight was elevated in adrenal- 
ectomized animals compared to adrenalectomized 

While compensatory growth could not be inhibited by any curgical 


intervention at the level of the adrenal gland, the denervation 


3 experiments Ted to some unexpected findings. For example, the celiac 


isolation procedure on the left side. decreased adrenal weight on re 


left aide in right adrenalectomized animals and on both sides in viet 


sham adrenalectomized animals when cape to corresponding adtenals 


from sham denervation groups, splanchectomy groups and adrenal nerve 
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cut groups. The: decreased adrenal weight of the celiac teolation group 
was also apparent in examining the right adrenal removed at the time of 
right adrenalectomy; the initially removed adrenal weighed 
less than the initially removed adrenal of si — groups (P < 0.05). 


On the other hand, the splanchnectomized group, of animals had 


significantly gieater adrenal weights” after unilateral adrenalectomy 


compared to the shina. denervation group (p < 0. 05). The nani festation 


of this ticiennee left adrenal weight was dependent on removal of the 


‘right adrenal, since the initially removed right-adrenal did not differ 


in weight from similar ‘adrenals from the other groups, nor were the 


adrenal weights of the splanchnectomy groups significantly different 


from the other groups after sham adrenalectomy. These data do not 


a pre-adrenalectony effect of splanchnectomy. 

: This is in contrast to the celiac isolation experiments in which © 
adrenal weight was decreased compared to controls prior to sereneeeeney: 
These findings are 2 interpreted as suggesting that cutting the splanchnic 


nerve rostral to the celiac ‘ganglion removes an tahthttory input to 


the adrenal and that this input nanifests itself only in response to 


4 


unilateral adrenalectomy, Since splanchnic fibers are known to 


innervate adrenal blood vessels (Hollinshead, 1936), cutting: the | 


enlaadiiie nerve could alter adrenal blood flow. If vasomotor 
effects a blood-borne agent inhibitory to. 


compensatory growth from affecting adrenocortical cells, compensatory | 


| growth could be potentiated. _ Studies from this laboratory suggest that 


ACTH can fubsnie increased DNA synthesis stimulated by unilateral 


adrenalectomy (Chapter III). Thus, decreased exposure to ACTH or sche 


growth inhibiting substances might explain the significantly 
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compensatory growth in splanchnectonized animals, However, at this time 


there are few data to support this speculation and until the proper 


experiments are completed, the. splanchnectomy effect cannot be eae 


rostrally and to. the ganglion results in’ 
—— in adrenal weight. ‘The bilateral change in edienal weight 


suggests that: alteration of a humoral signal is involved. Since the 


- splanchnic nerve bundle caudal to the celiac ganglion distributes ; 


fibers to many visceral structures, including the gut and pancreas, 
hormone secretion from these structures which could be altered by caudal — 


splanchnectony might account for the changes in adrenal weight. 


- Measuring changes in insulin and glucagon secretion after splanchnectomy 


might test the merit of this hypothesis. Since this has not been done, 
questions related to celiac isolation effects on adrenal weight remain 
| 


unanswered. 


Results of the adrenal nerve transection experiments showed that 


the attempt to sever nerve fibers between the celiac ganglion and the . 


_ adrenal gland was completely unsuccessful ; adrenal weight in these 


animals was no different from sham denervation groups or unoperated 


controls. 


In conclusion, results from the denervation do not 


clearly support earlier findings which suggested that compensatory 


adrenal pueutt ta neurally mediated. While some interesting but as. 


yet unexplainable effects were produced by cutting nerves known to 


send fibers to the adrenal, growth after unilateral 


adrenalectomy was nat iineeks. A possible explanation for this finding 


is that the adrenal gland was not sufficiently dtecyacel following 


any of the surgical ‘tebieenntons. Barly work by Young (1939) showed 
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that complete deneryation of the adrenal medulla in rats was wien cael 


only numerous lesigns which included the 


splanchnic nerve and webring the sympathetic chain from the diachenin 
down to the ganglion which gives rise to the transverse ramus at 


lumbar-4. Swinyard (1937) and Young (1939) showed that cutting the i 


| splanchnic nerve rostral to the celiac ganglion denervated any 1/3 | to 


AY? of the adrenal medulla. In addition, since a large percentage of 


nerves travel the vasculature of the innervated tissue 


(Hollinshead, 1956), denervation without. cutting blood vessels would 
leave visceral nerves intact. Thus, denervation attempts described in 


this chapter would remove only a portion of the adrenal innervation. 


Support for the contention that extensive adrenal denervation is a 


necessity is provided by the spinal cord hemi-section results. 


Cutting ‘the spinal cord at a thoracic level above the outflow to the 


adrenal was designed to interrupt the majority of connections between 


the brain and the adrenal gland; this procedure was effective in. 


blocking. the growth response after unilateral adrenalectomy, 


Inability of vagotomy to alter the compensatory response after 


unilateral adrenalectomy 


Kirshenblat and Chigrina (1969) reported evidence that para- 


| sympathetic neural activity could alter adrenal weight in-rats. 


_ Since vagotomy alters the function of numerous ayatens, including | 


respiratory and gastrointestinal, the parasympathetic 
effect on adrenal weight might be secondary to vagal influences on one | 


of these systems. However , vagal fibers have been followed to the 


celiac ganglion (McCrea, 1924) and directly to the. adrenal gland 


| 
| 
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(Pick, 1970). Therefore, a series of unilateral vagotomy experiments 


was performed to examine the posaibility that direct adrenal innervation 
wit the vague might affect adrenal growth. In the initial gts 
experiment the response to unilateral adrenalectomy was coped in 
sham vagotomized ; left vagotomized and right vagotomized ‘animals’ 
_ (Figure IV-8) . In all three groups, the increase in left advenal 

weight after right’ adrenalectomy was greater than the weight increase 
after sham right adrenalectomy; that is, insiniinui adrenal en 
occurred normally groups. Surprisingly, the adrenal 
weight of right vagotomized animals was decreased compared to the 
corresponding adrenal weights of the other two groups. This unexpected 

result prompted us to eapeneens _ initial experiment. As shown in 
| the middle panel, the effect of are vagotomy could not be repeated ; 
in addition, compensatory growth responses in all groups were diminished 
and were not significantly elevated compared to sham adrenalectomy 
responses, | 

‘This latter finding was mhaoqiently explained when we found that 

the room light cycle had been during this 
and that the eediuata had lived under conditions of constant light. 
"While this occurrence seemed tragic at, the time, the serendipitous 
finding that light’ cues might alter the magnitude of the compensatory 
response may proye to be important in unraveling the mechanism(s) | 
responsible for eae growth. The pineal gland, whose secretions 
one influenced by the light-dark cycle in rats (Wurtman and Cardinali, 
1974), synthesizes a molecule called vasotocin which has been shown to 
inhibit compensatary after adrenalectomy (Pavel, 


Matresch and Petresch, 1973), Future work may reveal some connection 
| | 
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Fig. IV-8. Left and right adrenal weight 72 h after entiseavad 
adrenalectomy wi sham adrenalectomy separate 
digucimante in which rats had been unilaterally vagoto-. 
‘mized or sham vagotomized 3 days prior - adrenal 
surgery. Bars represent the mean response of 6 
animals, vertical lines indicate + SEM and the side of | 


the weighed adrenal is noted below each bar. 
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4 Remaining adrenal from unilaterally adrenalectomized rats ; 


Contralateral to the side of sham unilateral adrenalectomy 


L=left adrenal | 
R=right adrenal 
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any of the groups, While.right vagotomy lowered adrenal weight in one 


between light cues, pineal function and adrenocortical growth, 


Since the second vagotomy experiment had been performed under. 


altered lighting conditions, another attempt was made to repeat the 
findings of the initial vagotomy experiment. As shown: in the bottom 
panel of Figure IV-8, compensatory growth occurred normally in all 


groups and there was no significant difference in adrenal weight among 


experiment, this effect could not be replicated in subsequent experi- 
“ments. 


Unilateral vagotomy had no consistent effect on adrenal weight in | 


these experiments. The failure of these studies’ to show an increase | 


“in adrenal weight similar to the increases reported by earlier workers 


(Kirshenblat and Chagrina, 1969) suggests that the bilateral effects 


on adrenal weight were not the result of removing direct adrenal 


innervation but probably secondary to alteration of other vagally 


innervated structures. ‘The finding that unilateral vagotomy did not 


affect adrenal weight unilaterally supports the hypothesis that vagal 


input to the adrenal does not play a physiological role in. the 


maintenance of adrenal weight. . 


Blockade of the afferent neural component and inhibition of compensa~ 


tory adrenal growth by lidocaine treatment 


The finding that unilateral hypothalamic lesions and spinal cord 
hemi-sections could block compensatory adrenal growth supported the 
hypothesis that adrenal growth after unilateral adrenalectomy is 


neurally mediated. Based on the assumption that cutting afferent 


_ nerves should stimulate adrenal growth and not inhibit it, the hypo- 


| 
thalamic and spinal cord effects were defined as lesions interrupting 
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) the efferent component of the compensatory response. In addition, cut= 
ting peripheral nerves did not provide evidence to support a role for 
afferent adrenal setves in the growth response. Since the lack of 
success in affecting compensatory growth by cutting. peripheral nerves 
might be explained by the inability to committe denervate the adrenal 
gland, an experiment was pertotesd’ usine a short-acting, local an- 
esthetic to test whether a more complete block of adrenal aaees seats ; 
alter the Results of this experiment showed 
that control animals treated with saline had a normal compensatory. 

response 12 unilateral adrenalectomy (p< 0.05 vs sham 
unilaterally adrenalectomized controls) (figure IV-9). However, 
tréatment with lidocaine had no effect on the right adrenal weight of 


adrenalectomized animals (p> 0.05 vs saline-treated, sham 


_pbreaniactoutsed animals), lidocaine treatment completely blocked the 
12 hour adrenal response of unilaterally adrenalectomized animals 
(p > 0.05 vs lidocaine treated, sham < 0.05 
vs saline-treated, left aleenitginiatias animals). The blockade of 

| oii growth by pretreatment of the removed adrenal with a 
neural blocking agent. clearly demonstrates the neural nature of the 
tiatas component. In addition, the finding that treatment of 
adrenal nerves with a bipcking agent on one side that does not stimu— 
‘late adrenal growth on the sonttniaters’ aide suggests that’ removal 
of neural activity (presumably, removal of inhibitory cal a 
the mechanism by which removal. of one adrenal stimulates growth of the | 


remaining adrenal. “Instead, adrenalectomy by cutting adrenal nerves 


increases neural activity at the contralateral adrenal by providing — 


excitatory input. Taken together, the results of the hypothalamic : 
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‘Fig. IvV-9. Left and right adrenal weight 12 h after lett 
| ectomy or sli adrenalectomy in rats in which the left 
olvenni had been treated with saline or Xylocaine. 8 

Bars represent the mean response, vertical lines ' | 


indicate + SEM and the number of animals in each group 


is indicated at the base of each bar. 
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lesion experiments, the spinal cord hemi-section experiments and the 


lidocaine blockade experiments demonstrate the existence of a neural 
pathway from one adrenal gland to the hypothalamus which crosses and 
descends in the spinal cord to the ‘he adrenal growth 
after unilateral is mediated by increases in 


neural activity arising within this pathway. 
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CHAPTER. V 


COMPENSATORY ADRENAL GROWTH AS A NEURALLY MEDIATED REFLEX ee 


A. INTRODUCTION 


The hypothesis that adrenal growth after unilateral adrenalectomy 


is neurally mediated is supported by experiments in which neural con- - 


_ nections between the brain and the adrenal gland were severed and adrenal 


growth was inhibited, However, these findings have not elucidated the 
nature of the afferent component in compensatory adrenal growth. While sian 
evidence cited earlier (Niijima and Winter, 1968a, b; Halasz and 


Szentagothai, 1959; Kiss, 1951) confirms the existence of afferent 


adrenal nerves, no physiological role has been found for these elements, 


Recently, additional evidence for afferent adrenal nerves has been found 


in our laboratory (Sato et al,, 1975). In that study, which examined 


changes in hypothalamic CRF content with time after application of 


ACTH-releasing stimuli, changes in CRF content occurred within seconds 


of completion of bilateral adrenalectomy that seemed unique to the 


stimulus of touching the adrenal pedicles. This interpretation was 


- supported by the observation that briefly clamping the adrenal pedicles 


bilaterally: produced the same effect on hypothalamic CRF content .as 


bilateral adrenalectomy. To pursue these findings, and to examine 
their physiological implications, we studied the effects of ccc eal 
adrenalectomy or of eantelseton the pedicle of one adrenal gland on 
the weight and composition of the contealaterel gland. 

If manipulation of the adrenal pedicle initiates a signal that is . 
equivalent to adrenalectomy, then study of the response to adrenal 


manipulation would allow us to demonstrate clearly that removal of 


adrenal tissue is not required to initiate the compensatory adrenal 


\ 


- response; this may give us a clearer understanding of din neni of the 
afferent signal. To conclude that the signals to growth are the same _ 
after adrenaléctony and adrenal manipulation, the growth must be shown 
to be of the same nature in both ‘groups. Finally, tt conpuabenety 
adrenal growth is mediated neurally rather than hormonally, then it 
should be possible to demonstrate scoweh of only one adrenal after 
in animals bearing two adrenals, 

B. MATERIALS AND METHODS 

| Young male Sprague-Dawley rats (Simonsen, 100-150 g b.w. 
‘were received 1-4 d before use. rats were used ig one 
sma asia as ‘indicated in the text. The rats were housed 2-3/cage and 
ina — and —_— controlled room (lights | on 0600-1800 h) and 


. were allowed rat chow and water ad libitum, In some ‘experiments rats 


were treated use with (Decadron, Merck, 
and Dohme) 25 ug/100 g body weight subcutaneously to prevent ACTH 
secretion in response to the operation. Since the regimen of ian 

- methasone treatment varied, each experimental protocol will be de- 
lineated below. 


Rats were anesthetized with ether and the left or ‘pteme adrenal 


gland was exposed through a retroperitoneal ioctaian. Adrenal manipu- 


lation consisted of gently bringing the gland: to the.ekin surface, by its 
pedicle, The pedicle was clamped with smooth ieee — few sec 

ve “ing alterations in arterial and venous blood flow; the pedicle was | 


then released and the gland was returned to the abdominal cavity. 


Surgical sham rats were subjected to the same anesthesia and skin and 


muscle incisions; however, the adrenal gland was exposed but not 
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volume from the isotope injected was 7.40 + 0.54 (S.D.) m1/100 g body 
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touched, Unilateral adrenalectomy consisted of removal of one adrenal 


through similar incisions, The skin incisions were clipped and rats 


were returned to their home cages, i 
Retained blood in the adrenals was estimated using ater labeled 
rat red blood cells. The red cells were prepared by washing packed 


cells with acid-citrate-dextrose (ACD) and then incubating equal ' 


volumes of red cells and ACD with Slo, (New England Nuclear) in a 


shaking water bath at 37°C for 1 h. After the incubation the cells 


were washed thoroughly with ACD and diluted 1:3 with ACD for injection. 
Rats were anesthetized with ether, the red cells (11.3 x 10° cpm jhe 
in 0.2 ml) were injected through a tail vein and 3 min later the animals 


were decapitated. Adrenal glands and duplicate aliquots of blood were’ 


counted. At least 10,000 counts were collected. The calculated blood : 


weight (n=11). 
Rats were killed by decapitation at the time indicated below and 


trunk blood was collected in chilled plastic centrifuge tubes for 


subsequent plasma ACTH (Dallman et al., 1974; Grizzle et al., 1974; 


Rees, et al., 1971) and corticosterone (Murphy , 1967) analyses. 
Adrenals were removed: and placed on ice in closed. dishes on paper 
saturated with 0.92 NaCl. The chilled ei sins cleaned of fat and_ 
connective pene and weighed to the nearest 0.01 mg. In some | : 
experinents adrenals on dried in an oven to pector er weight. (3 
weighings). | 

DNA and adrenal homogenates (1:100 w/v 


in distilled water) by the method of Schmidt and Thannhauser (1945) 


incorporating modifications recommended by Munro and Fleck (1966). 
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Protein in 0,5 ml homogenate was precipitated by adding an equal volume 


_ of 10% trichloroacetic acid (TCA) followed by 2 washings of the pre- 


-cipitate with 5% TCA to remove acid soluble compounds. Lipids were 


removed by 2 _—— with 95% ethanol saturated with NaAc followed 


: by 2 washings with 95% ethanol saturated with NaAc:diethyl ether (3:1 


v/v). The prectateate « was dissolved in 0.5 ml 0.3 N KOH for at least 


4° The 


2 h and then RNA was extracted by adding 0.5 ml cold IN HC10 
supernatant was saved and combined with a further 0.5 ml wash with 


0.5 N HC10,. RNA was assayed by the orcinol method in 0.5 ml samples. 


DNA was extracted by heating the precipitate at 70°C in 1.0 ml 0.5 


N os for 20 min. A second wash 0 of 0.5 ml was combined with the 
initial extract and ™ 5 ml samples were measured in duplicate using 
the method of Burton (1968). Calf thymus DNA (Sigma) and D-ribose 
(Sigma) were used as ehcecenaasi for these determinations. Protein 
concentration | determined method of Lowry (1951) using 


albumin as a standard. 


"Experiment 1. Male rats were subjected to left surgical sham, 
adrenalectomy or adrenal manipulation under ether anesthesia at 0900 h. 
meenee of 8 animals were killed 12, 24, 48 and 72 hours later. Un- 
operated controls were included at 12 and 72 h. Plasma ACTH and 
corticosterone, and adrenal weights were 3 


Experiment II. Male rats were subjected to one of the 3 adrenal © 


- operations at 2100 h and were killed at 0900 h. Plasma ACTH and 


corticosterone were measured as well as right adrenal wet 
‘RNA and protein content _(n=6/group) 


| Experiment III. Male rats were subjected to one of the 3 adrenal 


operations at 0900 h and kilied 12 h later at. 2100 h. Plasma ACTH and 
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corticosterone were measured in 14 rats/group, Right. adrenal wet weight 


was measured in 18 rats/group. Right adrenal dry weight was measured in. 


6 rats/group. . Right adrenal DNA, RNA and protein content were measured 


in 6 rats/group, Four rats in each group were injected with Joy 


labeled rat red blood cells i.v. under ether anesthesia 3 min before 


sacrifice to determine. the quantity of residual blood in right adrenals. 


Experiment IV. Male rats were subjected to left adrenal 


manipulation at 0900 h sini groups were killed G, a2, 24 and 72 h later. 


Left and right adrenals were weighed. 


Experiment V. Groups of 6 male rats were treated with dexa- 


methasone 25 — g body weight 2 h — left surgical control, 
adrenalectomy or adrenal manipulation, Six hours postoperatively, the 


rats were anesthetized with sodium pentobarbital 2 ‘mg/100 g body weight 


- and injected with 4 ng (0.4 n) synthetic ACTH (Cortrosyn, Organon) ; 


Lv. The rats were killed a min later and plasma corticosterone 
concentrations and right. were measured. 


Experiment VI. sia vate were subjected to the surgical control 


or to the manipulative operation first on the right side in the morn- 


ing and then on the left side at night 12 h later. Separate groups 


of .rats were subjected to the right sided operation only at night. 

All animals were killed 12 h later in the morning. Plasma ACTH and 

corticosterone were measured as well as left and right adrenal DNA 


and RNA contents (n=6 to 8/group). 


: Experiment VII. Male Fate were treated with 25 ug/100 g body weight . 


3 dexamethasone 18 and 2 h before the first adrenal manipulation and 10 h 


postoperatively. The Seitas of ‘the experiment was the same as that in 


_VI except that ACTH secretion was prevented using this regimen of 
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dexamethasone treatment (Sirett and — 1969). 


Experiment VIII. ‘Female rats were subjected to bilateral 


surgical control operations or to ‘bilateral adrenal manipulation. © 
The rats were killed 12 h later at 2200 h and adrenal wet. and ~ 
weights were (n=8 to 

Significance of the differences: between groups was ieniyous 


using Student's unpaired t-test. Significance of differences between 


‘left and right adrenals in the same rats was determined using the 


paired t-test. 


C. RESULTS 


"Changes ACTH corticosterone, and right adrenal 


after left or adrenalectomy. 


“Fig. V-1 shows plasma ACTH and corticosterone concentrations and 


right adrenal weight during the first 3 d after the operations of left : 


seninelatien. adrenalectomy or surgical sham. The operations were 
performed in the. morning. For reference, unoperated control values 
are included at 12 h and at 72 h. All three operated groups have 
elevated ACTH levels at 12 h although only the ecketesl kee and 


adrenalectomy groups are significantly elevated above unoperated 


controls (p < 0.05). ‘ACTH levels decline over the next days and do 


not differ from other or from by 72 h. Corticosterone 
levels generally reflect the ACTH levels. . Right adrenal weight is 
highly significantly elevated above the surgical shams in both 
adrenalectony and manipulation groups at 12 h (p < 0.001). 

Because increases in circulating ACTH result in increases in 
sdtenal weight (Imrie et al., 1965), and because the initial operations 
sane prolonged’ (12 h) increases in ACTH levels, increases in 


| 


Fig. V-1. Changes in circulating ACTH and corticosterone concentra- 


tions and in right adrenal wet weight with time after the 
operations of left surgical sham, manipulation of adrenal- . 
_ ectomy. Unoperated control rats are included at 12 and 72 


h. Each bar represents the mean of 


indicates | + SEM. 
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< 0.05). 


adrenal weight in the experimental groups must be tested against the 


_ adrenal weights of surgical adrenal weights of surgical shams. Typi-. 


cally, adrenal weight of rats undergoing surgical sham adrenalectomy is 


greater at 24 h than it was pre-operatively, or than the adrenal weight . 


of unoperated rats killed at the same time. 


Compared to the surgical sham group, the increase in adrenal 


weight in the adrenalectomy group is sustained throughout the 3 day 


_ period (p < 0.01). In contrast, after left adrenal manipulation, the 


increased right adrenal weight observed at 12 h is not maintained; 
there is a fall in weight at 24 hand a subsequent increase (p < 0.01) 


at 48 h and then a second decrease at 72 h. In a previous experiment 


. we also found a significant increase in right adrenal weight at 12 and 


72 h after left adrenal manipulation compared to surgical sham 


II. Changes in right adrenal nucleic acid and protein content after 


left adrenalectomy or manipulation. 


| To assure ourselves that the increase in right adrenal weight at 
12 h after left adrenalectomy or manipulation was an effect primarily — 


of the operation and was not dependent on the time of day, we repeated 


the 12 h experiment, doing the operations at night and killing the 


rats in the morning. Table V-1 shows the results of this experiment. 


We also measured nucleic acid snd: protein content in the right 

attempt to distinguish the operations of 
adrenalectomy and manipulation. Comparison of the results in the table 
with those in Fig. V-1 shows that the changes in ACTH and right 

adrenal weight that occur after left manipulation or adrenalectomy. 


are probably independent of the time of day at which the operations 
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are performed, ‘Circulating ACTH and corticosterone levels were not 


different in the surgical sham and adrenalectomy groups whereas ee 
were significantly depressed in the adrenal manipulation group 


(p.< 0.05). Right adrenal weight was increased but nit stgattionntty 


(0.05 < p < 0,1) in both adrenalectomy and manipulation groups 


7 compared to surgical sham. The increases observed in the adrenal 


nucleic acid and protein content of the two experimental groups were 


‘more striking, DNA and RNA content were significantly elevated in 


both groups (p < 0.01) and protein content was increased in the 
manipulation group (p < 0.05). | | 


III, Left adrenal dry weight, nucleic acid and protein content, 


residual blood content 12 h after the 3 operations. 


& 


Twelve hours is an exceedingly short time for such pronounced | 


changes in adrenal DNA content to occur (Imrie et al., 1965). In 


addition, although the increases in adrenal wet weight ave on the 


order of 20-30%, the engolete magnitude of the differences in weight 


is small ( a few mg.). If the mechanism involved. in the increased 


adrenal weight includes hyperemia, then it seemed possible to us that | 


part of the increase in adrenal weight observed at 12 h might result 
from an increased amount of blood retained by the glands post mortem. 
Therefore, we eiieentied the experiment, operating in the morning and 


killing the animals at night, and measured retained blood, dry weight, 


nucleic acid and protein content of the adrenals. Right adrenal wet 


weight and protein content were significantly increased in the two 


_ experimental groups compared to the surgical sham group (p < 0.05) 


(Figure V-2). DNA and RNA content were also significantly increased 
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Fig. V-2. Right adrenal wet weight, DNA, RNA and protein content 12h | 
| after the operations of left surgical shan, adrenalectomy, 
or manipulation. Each bar represents. the mean of 6 rats " 


, and the line indicates + SEM. 
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in the adrenalectomy (p < 0.01) but not in the manipulated group 
because of the large variance in this experiment. Adrenal dry weight 


was increased in the two experimental groups (p _ 05), and there 


was no difference in residual blood per gland as measured by sia 


lor tagged red cell content (Table V-2). Thererere, the in 


adrenal wet observed at 12 h after adrenalectomy or 


manipulation cannot be accounted for by increased water content or by 


an increased amount of residual blood in the glands. ‘There was no 
significant difference in the circulating ACTH and corticosterone | 
levels in the first 6 animals of each group decapitated; however, as 


the experiment progressed and successive groups of 6 rats were killed, 


a significant increase in ACTH occurred in the adrenalectomized and 


| adrenal manipulated groups (p <0.05), as. though these animals were. 


particularly responsive to the environmental stimuli associated with. 


continued experimentation in the animal ‘room. In wiarecael de no parameter 


that we have measured, with the sensihis — of circulating ACTH | 


levels, has allowed us to distinguish iatienen the operations of uni- 
lateral and adrenal manipulation. 


IV. Changes in left err right. adrenal weight after ia manipulation. 


We next measured left and right adrenal wet weight 12, 24 and 72 h 
after left adrenal manipulation. Left adrenal weight is unchanged 


during the 3 d (Figure V-3); however, as usual, right adrenal weight 


is significantly increased at 12 h. Right adrenal weight falls at 


_ 24 h and tends to increase somewhat again at 72 h although the dif- 


ference is not significant (0.1> p> 0.05), 
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Table V-2 Adrenal dry weight, veitibea blood, ok 


plasma ACTH and corticosterone concentrations of 
rats 12 h after left surgical sham, adrenalectomy, or 
manipulation in ‘the morning 


: Surgical Sham Adrenalectomy Manipulation 
Right adrenal dry wt, 1.728 = 0.142 (6)* 2.159 = 0.103 (6) 2.073 = 0.046 (6) 
mg : 
P vs. sham <0.05 <0.05 
Right adrenal residual 0.165 + 0.011 (3) 0.136 + 0.022 (4) 0.190 = 0.030 (4) 
P vs. sham NS NS 
pl/mg wet wt 0.0213 + 0.0012 (5) 0.0140 + 0.0018 (4) 0.0205°+ 0.0035 (4) 
P vs. sham <0.05 
Ptasma ACTH, pg/ml 66 + 9 (6) 76 = 10 (6) «68 + 6 6) 
first6 
Pvs.sham NS NS 
138+ 27(8) 135 = 40(8). 
P vs. sham <0.01 $0.05 
Plasma corticosterone 14.8 = 2.7 (6) 9.921.466) 
first 6 
P vs. sham | NS NS 
Lest 8 14.1 = 1.9 (8) 16.3 + 1.8 (8) 15.9 \+\ 2.3 (8) 
P vs. sham NS NS. 
* Numbers are means = 1 SE; the numbers in parentheses are the numbers of rats in 
ech group. 
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Fig. v-3. Left and right adrenal wet weight from rats pubjected to 
| ) left adrenal manipulation at time 0. Each point represents 
the mean adrenal weight of at least i ne; The difference 
- between left ‘ant right adrenal weight at 12 h was signifi- | 


cant at the 1% level (paired t test). 
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Plasma coxticoaterone response to exogenous ACTH 6 after left. 


We have no eyidence that adrenal manipulation inhibits the ability 
of the manipulated adrenal to respond to ACTH; however, adrenal 
seeds could impair adrenal function, In the initial experiment 


comparing plasma ACTH and corticosterone responses to the 3 operations 


; (not shown) , the corticosterone response of the nanipulated groups was 


never significantly less than that of the surgical ‘sham animals at 
6 tines curing the first 4 h, although there was a transient deficit 
in the corticosterone response of unilaterally adrenalectomized rats 


(Chapter II).. We tested the capacity of all three groups to respond 


to exogenously administered ACTH 6 h after operations performed in 
dexamethasone pretreated rats. Adrenal: manipulation did not impair 


the plasma corticosterone response to ACTH but left adrenalectomy did 


(p < 0.01) (Table V-3), _ 
The results of the acute epepenee to ACTH in the three groups 


indicate that both the nanipulated and contralateral adrenak are 


| or of receiving the ACTH “om and of secreting corticosterone, 


only the to manipulation increases in size at 


12 h. These results suggest that the growth response is 


| neurally mediated or that the menipulated gland is damaged subtly so — 


that although it can naapons to ACTH it is incapable of —— to 


another nies agent that promotes growth. 


VI and VII, Sequential adrenal manipulations at 12 h intervals. : 


To test whether the manipulated adrenal was itself capable of the 


growth oe we performed two experiments. In the first » rats 
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Table y-3 


' Secretory response of adrenals after left manipulation, left edrenal~ 


ectomy or surgical control operation, All rats were treated. with 


dexamethasone (25 ug/100 g b.w.) 2 h preoperatively. At 6h post- 


operatively, the rats were anesthetized with ether and given 0.4 mU 
ACTH i.v. Plasma corticosterone and adrenal weight were measured at 


15 min. (n=6/group). 


Plasma corticosterone Adrenal wet weight 


ug/100 ml mg/100 g b.w. 
| left right 
adrenalectomy ---~ °10.8120.30 
manipulation 9.9820.59 10.2040.90 


| 
numbers represent means + 1 SEM 


** significantly lower than surgical shams p < 0.01 
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were subjected tq right surgical sham or manipulation at 0 time, 


and then at 12 h the rats were subjected to left surgical sham or 


manipulation. Additional groups of animals were exposed to right 


adrenal surgical sham or manipulation at 12 h. ALL rats were killed 


at 24h. _ Adrenals were weighed and analysed for DNA and RNA content, 
Whereas an ticKeane in _— weight was observed in the surgical 
controls between 12 and 24 h, the tnovenint on the left side was 
comparable to that on the right, There. was no difference between left 
and right adrenal weight at 12 or 24h in ~— group, and there was no 
difference between left and right .adrenal DNA content at i h. At 

24 h, there was a highly significant increase in DNA in the left 


compared to ‘the right adrenal of rats that had undergone the left 


gurgical sham operation 12 h We do not know the cause 


the increase in left adrenal DNA in this ivein. however , the response ~ 


‘is opposite that observed in the manipulation group-~ In cohtrast to 


the responses observed in the surgical shams, 12 h after right manipu- 


lation, the left adrenal weight and DNA content were increased relative 


to the right adrenal or to the left adrenal of the. surgical rene 
(p < 0.05). At 24h, 12 h after left manipulation the opposite gland 


was increased in weight and DNA content (p < 0. 05). 


We repeated the experiment on rate that were pretreated 18 and 2h 


before the first manipulation as well as.10 h later with dexamethasone, 


25 ug/100 g body weight, to prevent Stress-induced ACTH secretion and’ 


subsequent adrenal growth resulting from the action of ACTH. The 


results of this experiment are shown in the third row in Table V-4 


(Experiment II). Dexamethasone treatment resulted in small adrenals 


109 


1 
i 
| 


110 


‘ 


§ 


*(3S9} pasted) “sa yal ‘10'0 > dt 
j-posredun) uostiedurod jeudipe pue uonjejndiuew jeusrpe « 


Jaye 


‘ASa} J-paited) [BusiIpe “SA Yo] 4 


puodses ued [BUdIpE 
SuBdUt 


payejndiueuw ay} ‘puels sayjo ay} uo Y ‘pue/s auO UO sf J] “AS 


+ LOE + SEE Gr + 61+ + adic [Budipe 
(2 = 4) 4 ve apis 
(6 = 4) apis yo] 

ul 
-ejndiuew jeuaipy (jj dnouy 
9°€ + + 8°99 re + Bcc T + 9°9S 190 + ZOTE + yo] 
(9 = 4) apis Yat 
(8 = YO 18 opis 

— (aI dnoip 
EFF BLS: VET >H'ES 186 F peuaupe 
(8 = 4“) apis 
weys (yt dnoip 


im 8 001/37 ‘yna 


UMI 


(p< 0.01 in comparison) (Table-V~5) showing” that 


the most side but did not inhibit the normal 


increase in adrenal — of the contralateral gland (p < 0, 05). 


The ‘results show that after one adrenal, 


both are capable of responding, and therefore, nicinniy suggest that 


the unilateral response is neurally mediated, 


VIII. Response to simultaneous bilateral adrenal manipulation. 


Finally to assure ourselves that there: was not. a transient | 


period of adrenal to a. borne 


promotes adrenal growth, we compared the results of bilateral surgical 


—_ 


sham operation and bilateral adrenal manipulation in female rats on 


| adrenal wet and dry weight 12 h later. After bilateral adrenal 


‘manipulation both the left and right adrenal weights were en 


increased compared to those: of the bilateral surgical shams 


manipulation does not impair the ability of the manipulated adrenal to. 
grow. | 


DISCUSSION 


In this study we have demonstrated that the operat ions of left 


adrenal manipulation or left adrenalectomy produce equivalent responses 


in the right adrenal 12 h later and that the responses are ot. 
dependent on the time of day the operations are performed or the time 


the animals are killed. The response of the contralateral gland — 


consists of an increase on the order of 20-30% in wet weight, dry 


weight, DNA, RNA, and, usually, protein content, The volume of blood 


retained in the right adrenal after left adrenalectomy or manipulation 


is not greater than that in surgical sham groups, The response is not 


dependent on elevated circulating ACTH levels since we have shown 
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Table V-5 
Bilateral adrenal manipulation results in bilateral adrenal enlargement 


12 h later in female rats. 


Bilateral 


Surgical sham Manipulation 
(#12). 
Adrenal wet weight | 
mg/100. g b.w. | 
8.08+0.51 <0.005 11.05+0.35 
7 right 8.12+0,55  <0.01 10,59+0.26 
Adrenal dry weight | 
mg/100 g b.w. | 
left. 2.77540.184  <0.005 3.67040.095 
right 2.8060.205  <0.005 3.568#0.110 
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previously that it occurs in hypophysectomized rats a 
adrenalectomy (Chapter II) and in this study that it ‘occurs after 
adrenal manipulation in rats wrekeented’ with dexamethasone using a 
regimen known to inhibit ACTH secretion (Chapter II; Sirett and Gibbs, 
Because wo-have at IZ h 
between the. increase in Fa ss adrenal weight after left adrenalectomy 


and that which occurs after olivaeai manipulation, we assume that 


clamping the vascular and nervous supply of one adrenal may initiate 


signals that are similar to those that result from unilateral 


adrenalectomy, seceuse adrenal manipulation results only in transient 


effects, we assume that we y have reversibly inhibited or stimulated 


6 


nerves ciaag tits information from the adrenal gland to the central. 


nervous system, 


The results of these experiments suggest strongly that manipulation 


of: one adrenal stimulates’ or inhibits afferent nerves and that this 
stimulation or inhibition results in initiation of the compensatory | 


growth response in the contralateral -gland. Fig. vV-4 summarizes the 


experimental results from this study that suggest this conclusion. It 


is‘clear that the contralateral gland enlarges when one adrenal is 


manipulated, that the glands enlarge sequentially after sequential 
manipulation, and that both will enlarge if they are both manipulated. 
Since a blood-borne humoral factor could not account for these findings, 


the results necessitate the interpretation that growth of the opposite 


gland is initiated by a neural mechanism. 


. 
— . 
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Fig. V-4. Evidence that the reflex is neurally mediated. Panel a | 
shows the results from Fig. V-3; panel b shows the results 
from Table V-4, experiment II; and panel c shows results 


| from Table V-5. 
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CHAPTER vI 


CONCLUSION 
The classical explanation for compensatory adrenal growth after 
unilateral adrenalectomy, has been that removal of one adrenal results 


in a hypocorticoid signal which. ‘decreases the feedback inhibition of 


ACTH secretion, | The resulting high levels of ACTH would stimulate the — 


growth of the remaining adrenal (Collip et.al,, 1932). In the present — 


studies, no evidence was obtained supporting this hypothesis. In 


dexamethasone-treated animals and in hypophysectomized qntvele, 


compensatory observed after unilateral adrenalectomy 


(Chapter II). Thus, neither a eaten signal nor the hyper- 


secretion of ACTH or other pituitary hormone was for 


compensatory simak growth. ‘The tacteaiae. in adrenal weight after 


unilateral adrenalectomy were characterized by huneonnes in DNA content 


by 12 hours followed by increases in -RNA and protein content or 


IIT; Chapter v). Since increased DNA content indicated the occurrence 


@ 


of cell proliferation, the weight caibenee after unilateral adrenalect- 
omy has been referred to in the present studies as compensatory adrenal 


growth, not mnenenen? adrenal hypertrophy. Whereas ACTH stimulates 


adrenal hypertrophy by increasing adrenal RNA and protein content, the 
presence of circulating ACTH was ‘inhibitory to! the DNA content 
. increases observed after unilateral adrenalectomy (Chapter III). The 


term “compensatory adrenal hypertrophy" strongly implies that ACTH is | 


responsible for the weight increases after unilateral adrenalectomy; 


given the data presented in earlier chapters, "compensatory adrenal 
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~ growth" or “compensatory adrenal hyperplasia" seem more appropriate | 


to describe the adrenal weight increase after unilateral adrenalectony. 


_ Compensatory growth was blocked by unilateral lesions in the hypo- 


thalamus and by hemi-sections of the spinal cord; treatment of the 


adrenal pedicle with a local anesthette also prevented compensatory 


growth (Chapter -IV). The. design of these experiments suaiintiok that 


both the afferent and efferent components of the compensatory response 


were neural. Additional support for this hypotheote was provided by 
adrenal manipulation experiments ‘i kes one adrenal was stimulated to 
grow in the presence of both. adrenals (Chapter V). Together, these 
data demonstrate that compensatory adrenal growth after unilateral 
edrenalectony. 1s mediated by a neural reflex composed of afferent and 


efferent neural components and that the hypothalamus acts to monitor 


adrenal size. 


Study of the effects of ACTH on the response to unilateral , 


adrenalectomy led to the unexpected finding that the presence of 
ACTH délays the development of compensatory adrenal growth. Treatment 


with dexamethasone which blocks ACTH secretion accelerates the 


occurrence of increased adrenal weight and DNA content after unilateral 


adrenalectomy. In addition, treatment of hypophysectomized rats with 


ACTH at the time of unilateral adrenalectomy inhibits compensatory 


growth 3 Aaya later. These data are in close agreement with results 


_ obtained using cultured, ‘functional mouse adrenal tumor cells (Masui 


and Garren, 1971). In this work, ACTH treatment cue steroido- 


genesis but inhibited thyadidine incorporation into adrenal DNA and — 


blocked the increase in DNA content normally observed in these rapidly | 
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‘dividing cells. Another report using a different adrenal tumor cell 


line confirmed the finding that ACTH can inhibit adrenal DNA 


synthesis (Weidman et al., 1976). Cultured, Y-1 adrenal tumor cells 


were stopped in the G-1 phase of the cell cycle following ACTH 


administration; the cells, which did not synthesize DNA, _— in size 
_ and synthesized RNA and protein in response to ACTH. While itis 


difficult to draw comparisons between in vivo and in vitro adrenal’ 


responses, it appears that the growth response after unilateral 


adrenalectomy and adrenal tumor growth have certain similarities. Both 


: compensatory growth and tumor growth are » characterized by rapid in- 


creases in DNA content and both are suppressed wi ACTH administration, 


Thus, study of the mechanisms regulating compensatory adrenal growth 


send lead to a better understanding of the racers controlling tumor 


growth. 


A major finding of the present studies was that ACTH is not 


‘responsible for compensatory adrenal growth after unilateral adrenal- 


eteemy . The data supporting this conclusion are outlined below: 

a) Following treatments which removed endogenous sources of ACTH, 
such as dexamethasone administration and hypophiysectomy, compensatory 
adrenal growth was still observed (Chapter II). | 


b) The initial adrenal weight increases stimulated by ACTH. conatet . 


of increases in RNA and protein content. In contrast, the increases in 


adrenal ‘weight hours unilateral edrenalectony consist of 


' increases in DNA content setsaideese III; Chapter V). Thus, the initial 


assine increases stimulated by ACTH are due to adrenal RyPATtropny 


whereas the compensatory response is adrenal ‘cue nie. 


--¢) Increases in adrenal DNA content occur following 3-7 days 
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“Reddy, 1963; Masui and éarven, 1971). The increase in adrenal DNA 
content after ‘unilateral adrenalectomy occurred by 12 hours and the 

“circulating ACTH levels during the 12 hour period presumably were below 
those required to atisulate synthesis (Chapter II). 


Bic. The development of compensatory niteedi growth was delaye by 


exogenous ACTH treatnient and accelerated by 
-_— dexamethasone (Chapter III). 
The work of Halasz and Szentagothai (16503: that unilateral 

advenslecioly coulé alter the activity of neurons on one side of the 
hypothalamus differently fron neurons on the opposite bide of the 

hypothalamus. This eee effect led us to investigate the role 

of the nervous system in compensatory adrenal growth, The finding that 
unilateral lesions at hypothalamic and spinal cord levels blocked 
compensatory. growth (Chapter IV) supports the hypothesis that grunts 


after unilateral adrenalectomy is neurally mediated. These results © 


suggested that the efferent component of the adrenal response is 


mediated via a coaeieal neural sel originating in or passing through ae 
the hypothalamus and descending via the spinal cord ‘oe adrenal 
The suggestion that neural activity can stimulate adrenal growth | 
is supported by earlier work in which neural echivies bie been 
| implicated to explain tissue growth (Brenner and Stanton, 1970; 


_ Thrower et ahs 1973; Ashrif et al., 1974; Muir et al., 1975). 


Electrical stieatintion of sympathetic’ fibers shown to innervate the 


submaxillary and parotid salivary glands increased the wet weight, 


mitotic index and thymidine incorporation of these exocrine glands. 


UMI. 


| 
treatment with large amounts of ACTH (4-20 U) (Chapter III; Farese and 
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This growth, could be blocked by propranolol and by 
isoproterenol, was ascribed to stimulation via a g-adrenergic receptor 
mechanism (Muir et al., 1975). In addition, | liver regeneration after 
partial hepatectomy can be influenced.’ Following liver 
deneryation or treatment with reserpine or propranolol, the rate of 

liver regeneration by incorporation of thymidine into 
liver DNA is significantly suppressed (Ashrif et al., 1974). Thus, . 
| alteration of normal neural activity by shins hitaihina’ blockade or 
surgical intervention can affect subsequent tissue growth. The 
physiological significance of the. neural control of | compensatory 
adrenal growth cannot be estimated at this cia: while clinical 

_ examples of adeensi hyperplasia without increased levels of ACTH are 
well-documented (Liddle a ten 1974), a role for neural stimu- 
lation in these cases has not been ell 5 

While component of the compensatory response may 


travel with the efferent component via the spinal cord, the anatomical 


2 definition of this pathway remains unclear. However, direct evidence © 
for the neural nature of the afferent component was found in ae 
Lidocaine ‘Treatment of the its 

* removal with a local anesthetic inhibited compensatory growth 
(Chapter IV). Additional ise for the hypothesis that both 
afferent and competent exe neural was provided by experiments 
“in ‘which sii ios stimulated unilaterally in the presence of both 
| adrenals (Chapter V), The signal scovited by manipulating one adrenal 


had to be rieural since the response to the signal was unilateral; that 


‘is, a hormonal signal would provide afferent stimulation to the 
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~ induced increased formation of intracellular colloid droplets within 


efferent component to both adrenals and the resultant response would 
be bilateral. Thus , a neural reflex composed of afferent and 


is for compensatory growth adver 


unilateral adrenalectomy. 


The physiological significance of a neural pathway which influences 


adrenal growth can only be determined with further experimentation. 


However, two considerations are immediately brought to mind. First, 


the finding of neural influences on the adrenal cortex implies that a 


physiological control system in addition to ACTH may drive the adrenal. 


This possibility is supported by work on the thyroid gland and endo- 


crine pancreas in which hormonal and neural activity have been shown 


to control organ function. _The secretion of thyroid hormones, - 


stimulated by thyroid-etinulating hormone (TSH) released from the 


pituitary, is: influenced by stimulation of the thyroid nerve supply. . 


Following blockade -of TSH by administered 


unilateral electrical stimulation of the. cervical sympathetic trunk 


the thyroid gland and an increase in plasma thyroid hormone levels 


_ (Melander et al., 1972). ‘The droplet formation, which was restricted 


to the thyroid regions supplied by the stimulated nerve, was inhibited 
by phentolamine (an alpha-adrenergic receptor blocker) .~ With the 


ultrastructural identification of noradrenergic nerve endings in close | 


‘contact with thyroid follicular cells (Melander et al., 1974), it was 


angsestec that alpha-adrenergic innervation of the thyroid could serve 


‘as a means for effecting alterations in ine rate of thyroid hormone 


wicinah bi. In the endocrine pancreas, both adrenergic and cholinergic 
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mechanisms are known to affect insulin secretion (Woods and Porte, 
1974). Alpha-adrenergic stimulation was shown to decrease basal 
plasma insulin levels, whereas beta-adrenergic increased 


basal levels. The authors suggested that basal pancreatic 8B cell 


might reflect the balanced effects adrenergic stimtetion. 


While — parasympathetic pancreatic fibers by vagotomy had no 
effect on basal plasma —— levels, glucose Senerenen was 


decreased. In addition, plasma insulin levels were increased by. 


administering cholinergic agonists or by stimulating the vagus nerve. 


It was suggested that a cholinergic mechanism might act at the level of — 


the c cell to potentiate insulin release in response to blood — ; 


stimulation. In the adrenocortical system, future research ‘must 


delineate how neural affects adrenocortical and how 


_ ACTH and neural input interact’ to nr the adrenal gland. 


Second, compensatory growth has been reported for a variety of 


‘tissues, including ovary, testes, thyroid, liver, salivary gland and 


kidney (Bucher and Malt, 1971); however, no clear identification of 


the signals initiating this growth has been found. Since neural 
activity has‘been shown to stimulate growth in some of these tissues 
(i.e., salivary gland and liver), it is possible that neural mediation 


of. compensatory growth is a general phenomenon. The existence of 


‘separate neural pathways involved in monitoring and controlling 


specific tissue growth might be established by future investigation. 
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